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1.0 HITRAN DATABASE

Work done under this contract produced several major
changes to the AFGL line parameter compilations. First, the two line
parameter compilations (the main and trace gas atlases) were
merged into a single entity and called high-resolution transmission
molecular absorption database (HITRAN). Next, the format of the
database was changed and other parameters corresponding to each
quantum transition were added. Each record of a transition now
consist of 100 characters of information rather than the previous 80
characters.  Finally, the database is now distributed with several
other files that assist in reading and using the database and which
give useful information relating to the database.

The first versior. of the combined databases was issued in
late 1986 and was called the HITRAN database: 1986 edition. It was
formed from merging the 1982 editions of the AFGL main gas
compilation! and the trace gas compilations.2 In merging these two
compilations, much new data was added with the corresponding
previous data being removed. All of these changes were described in
an accompanying publication.3 Originally the database contained the
following molecular parameters for each quantum transition: (1)
resonant wavenumber; (2) line intensity; (3) air-broadened
halfwidth; and (4) lower state energy (as well as the unique quantum
state identifications). New parameters have been added to this list to
allow the database to be applicable to remote sensing in the
atmosphere and capabilities to deal with non-local thermodynamic
equilibrium effects in the upper atmosphere. The new parameters
are: the transition probability, the self-broadened halfwidth, and the
exponent of temperature dependence of the air-broadened
halfwidth. Data fields have also been reserved for the pressure shift
of the transition, accuracy criteria for the three principal parameters,
and references to the sources of the latter parameters. The card

[




image concept (80 characters/transition) was abandoned and 100

characters/transition was adopted. In order not to exceed 100
characters, the isotope labels and vibrational state labels were
indexed. Recalling of the information is accomplished via the

program SELECT which is distributed with the database.  This
program 1is discussed later.

The creation of a new database gave us an opportunity to
clean up many of the minor errors that were present on the 1982
versions. Many of these errors were not serious, €.g. many species
had the quantum designations present in several formats, different
symmetry labels were used for the same designations, etc. Some
errors were more serious, parts of or the entire quantum field was
missing, thus the data can not be associated with a specific transition.
The reformatting allowed us to define six groups of rotational
quantum number formats for the molecules and ensures that the
1986 version will have a single format for each species. The
rotational formats are given in Table 1.

One of the new parameters being added is the transition
probability, Rjf, in Debyes squared. This parameter is independent of
both temperature and isotopic abundance. The transition probability
is related to the intensity of a transition, Sif, from state i to state f by

3

8n gl a E
S(T)==—v. |1 - Cav; . €2 Rife 1
A1) =215 vir|L - expC 5/)] T exp(’ /) e 10

36

(1)

Here vif is the resonant frequency of the line in wavenvmbers, E; is
the lower state energy of the transition, g; is the nuclear spin
degeneracy of the lower level, Q(T) is the total internal partition sum,
I, 1s the natural isotopic abundance, and ¢ is the second radiation
constant (hc/k). The transition probability on the database was
obtained by removing all terms on the right hand side of eq. (1)
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(except Q(T)) out of Sif. (The partition sums were not all known at
the time of producing this version.) The data for the line strength,
resonant frequency, and lower state energy come off the database.
The reference temperature of the database is 296 K. The isotopic
abundances used, now supplied as part of the third file distributed
with the database, are given in Table 2. The nuclear spin degeneracy
factor, gj, depends on the particular isotope symmetry. These were
calculated for each isotopic variant on the database.

When there are equivalent nuclei in a molecule, i.e.
identical isotopes of the same element which have exactly the same
molecular environment, the nuclear spin statistics will affect the
populations of the molecular states and hence the transition
intensities.

Consider first two equivalent nuclei. The molecule has a
two-fold axis of symmetry, and coordinates of the two equivalent
nuclei may be interchanged by a 180° rotation about this symmetry
axis, or by combinations of inversion and 180° rotations about
various axes. If the nuclei obey Bose-Einstein (integer spin)
statistics, an interchange of both the position and spin coordinates
must leave the wave function unchanged; if they obey Fermi-Dirac
(half-integer spin) statistics, the wave function must change sign. It
can be shown# that the total number of symmetric spin functions
possible (hence the weight) is

nsym = g5 =(2l+ 1) (l+ 1) (Za)
and of antisymmetric spin functions possible is
Nantisym = ga = 21 + 1) (). (2b)

A molecular rotation of 180° about the symmetry axis and an
exchange of spin coordinates of the two equ valent nuclei amounts to
an exchange of all coordinates of these two nuclei. Hence if Bose-
Einstein statistics apply to the two nuclei, the symmetric spin




Felative Wataral abundanoe of Molocuiar Species on Datakase

“slecule ArGL relative clerule AFGL relative
1sotope natural isotope natural
code abundance code abundance
H20 161 0.9973 HNO3 146 0.9891
181 0.0020
17 0.0004 OH 61 0.9975
162 0.0003 81 0.0020
62 0.00015
Z02 £26 0.9842
636 0.0110 HF 19 0.99985
£28 0.0039
h27 0.0008 HC1 15 0.7576
38 0.000044 17 0.2423
637 0.000009
828 0.0000040 HRr 19 0.5068
i28 0.000002 11 0.4930
03 €66 0.9928 HI 17 0.9¢9985
668 £.0040
686 0.0020 Cl0 56 0.7559
76 0.2417
N20 346 0.9904
436 0.0036 0oCSs 622 0.937
546 0.0036 624 0.0416
148 0.0020 632 0.0105
447 0.0004 822 0.0019
co 2 0.9865 H2CO 126 0.9862
36 0.011 136 0.0111
28 0.0020 128 0.0020
27 0.0004
HOC1 165 0.7558
CH4 211 0.9883 167 0.2417
311 0.0111
212 0.00059 N2 44 0.9928
02 66 0.9952 HCN 124 0.9852
£8 0.0040 134 0.0111
67 0.0008 125 0.0036
N0 46 0.9940 CH3Cl 215 0.7490
56 0.0036 217 0.2395
48 0.0020
H202 1661 0.9949
502 K26 0.9454
hLE 0.0420 C2H2 1221 0.9776
1231 0.0219
102 R4h 0.9916
CZH6 1221 0.9776
H3 4111 0.9960
5111 0.0036 PH3 1111 0.99955

N

Table
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functions must be used with rotational functions which are
symmetric with respect to a rotation around the symmetry axis, the
antisymmetric spin functions with antisymmetric rotational
functions. The opposite is the case for Fermi-Dirac statistics. The
ratio of the number of spin states or the statistical weights of the
levels which are symmetric to those which are antisymmetric with
respect to a 180° rotation about the symmetry axis is,

Py

+1
For Bose-Einstein statistics:

- A

+

For Fermi-Dirac statistics:

3)

The line strength for molecules with two equivalent
atoms contains the nuclear spin statistical weight factor from eq. (2).

If there are more than one pair of equivalent nuclei in a
molecule the symmetry properties of each pair may be taken into
account. An example is CH2Cly If we let the spins of the two
different types of nuclei be 11, and Iy we have

nsym = (2I1 + D2 + DRIz + 1) + 17 +1) (4a)
and
nanti = QI + D22 +DH 2L + 1] + Ip). (4b)

In general, for a molecule with n pairs of identical nuclei, the number
of symmetric spin functions which can be formed is

ns_\,m=[ﬁ(2li+ 1)”131 (2Ii+ l)+ IJ

(5a)

and the number of antisymmetric functions is




Nanii = %‘[n (2[1 + 1)][g ‘2Il+ 1'_1]

B : (3b)

If the molecule has a two-fold axis of symmetry and the
n pairs of nuclei are interchanged by a 180° rotation around this axis,
the ratio of intensities of rotational levels of odd and even K is given
by eq. (5).

The cases described above, i.e. 180° rotations, apply to
linear and asymmetric-top molecules. Next we consider symmetric
top molecules which may have three or four equivalent nuclei in a
molecule. For molecules with three equivalent nuclei, the levels with
K a multiple of three always have greater weight. The statistical
weights for these levels are given in Table 3. Similarly for
symmetric top molecules with four identical nuclei equidistant
around the axis, the statistical weights are in Table 4.

The nuclear statistical weights for species present on the
atlas can now be given.

HyO This is an asymmetric rotor with two identical nuclei for the
species 161, 171, and 181. From eq. (2) we have

Nsym = gs = (QI+D)(I+1); nangj = ga = CI+I)(D).

For hydrogen I = 1/2, which gives gg =1 and gz = 3 where
the even-(odd)ness is determined by the even or odd-ness
of K3 + Ko +v3. For HDO there are no equivalent nuclei, thus

gs = 8a =1

COy There are eight isotopic species in the atlas for COj. Of
these, only three have a pair of identical nuclei, 626, 636,
and 828. All other species do not have interchangeable
nuclei and g4 = gg = 1. For the species which have nuclear




Table 3. Statistical Weights for Symmetric Tops with Three

Identical Nuclei

State Statistical Weight
K a multiple of 3, but not 0 1/3 21 + 1)412 + 41 + 3)
K not a multiple of 3 1/3 (21 + l)(4[2 + 41)
8




Table 4. Statistical Weights for Symmetric Tops with Four Identical Nuclei

K=0
(I+1)(21+1)212+1+1)  for K a multiple of four Bose-Einstein
statistics or
K even, for K not a mul- Fermi-Dirac
tiple of four statistics
l(2l+1)(2[2+3l+2) for K a multiple of four Fermi-Dirac
statistics
K even, K not a multiple Bose-Einstein
of four statistics
I(I+1)(21+1)2 K odd
K=0
Bose-Einstein Statistics Fermi-Dirac

172 (I+1)21+1)(212+431+2) ] even 12 1 QI+1)(212+1+1) J even

172 1T (I+1)(21-1)21+1) J odd 12 1T (I+1)(21+1)(21+3) J odd




N>O

CHy

weights, we note both 160 and 180 have I = 0 so all three
species have the same nuclear statistical weights, namely

gs = (2(0)+1)0+1) = 1 and gz = (2(0)+1)0) = 0.
All CO7 lines on the database have g; = 1.

The 668 species has no interchangeable nuclei thus g = 1,
the other two species have 160 as the equivalent nuclei
related by a 180° rotation hence from eq. (2) g5 = 1 and g3 =
0. For ozone all lines present on the atlas have gj = 1.

This molecule has the structure, NNO, and there are no

nuclei that are equivalent. There are many molecules on the
atlas that are similar to this and are listed below. Note for
all isotopes of these species there are no nuclear statistical

weight factors to consider for coupling with rotational wave
functions: g; =1 for

N>0, CO, NO, OH, HF, HC], HI, HBr, OCS, HOCI, and HCN.

Methane is a symmetric top molecule with four equivalent
nuclei for the atlas species 211 and 311. The nuclear
statistical weights can be obtained from Table 4 or can be
related to the labels used to describe the state, A, E or F.
This gives the following association for gi: for A species g; =
5, for E species g = 2 and for F species g; = 3.

The deuterated species, CH3D, has three equivalent nuclei
which gives from Table 3 with I = 1/2

gi = 4 for K a multiple of 3

gi = 2 K not a multiple of three (includes 0)

10




SO

NO»

HNO3

H>CO

CH;3Cl

Here the two oxygen atoms are equivalent for the 66 species
which gives g¢ =1 and gg = 0, and not equivalent for the 67
and 68 species so gj = I.

The two species present on the atlas 626 and 646 have
equivalent 160 nuclei hence gg = 1 and g4 = 0.

The 646 species is the only one present on the atlas and has
gg = l and g3 = 0.

Ammonia i1s a symmetric top with three equivalent H atoms
for both species on the atlas. From Table 3 we find

K a multiple of three but not 0 g=4
K not a multiple of three (including 0) g=2

The structure of nitric acid is such that there are no
equivalent 160 nuclei. This implies that gj = 1.

All three species on the atlas contain a pair of equivalent
hydrogen nuclei. We have for levels with K; + K¢ + v3 even
gs = 1 and with Ky + K¢ + v3 odd g5 = 3.

The nitrogen atoms are symmetric by 180° rotation, I(14N) =
1 so

g =2+ H(1 +1)=6
and
ga = (2(1) + I(1) = 3.

Both species on the atlas have three identical hydrogen
nuclei, thus we have




H20)

CoHy

CoHg

PH3

g = 4 when K is a multiple of three but not 0 and

g = 2 when K is not a multiple of three, including O.

In this cis-conformation a rotation through 180° exchanges
both the oxygens and hydrogens. In the trans-conformation
inversion through the center of gravity of the molecule does
the same. The nuclear statistics are given by eq. (4) where
I{ =12 and Ip = 0. The even-oddness is determined by Kj
+ K¢ + v3 for the state

8s or even = 3 and g3 or odd = 1.

Acetylene when rotated 180°, exchanges the carbon and
hydrogen atoms so again we use equation (4) where I} =
1/2 and Iy = 0 to give gg = 3 and g3 = 1.

The structure of the molecule, H3C - CH3, is such that a
rotation along the internuclear axis by 120° or 240° leaves
the molecule unchanged. Thus the hydrogen atoms at either
end are equivalent. This gives g = 4 when K is a multiple of
3 and g = 2 when K is zero or not a multiple of three.

This has three identical nuclei with spin 1/2 thus g = 4 when
K is a multiple of three and g = 2 when K is zero or not a
multiple of three.

The other new parameter added to the database is the

temperature dependence of the air-broadened halfwidth.  This is
called the temperature exponent because it appears as an exponent
of the temperature ratio. This becomes clear once the formulation is
considered. The halfwidth can be considered as a function of density
or pressure, i.e.

or

y proportional to p v o (density) (6a)
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vy proportional top v o (pressure). (6b)

In the first case the halfwidth has the units cm-l/atm or MHz/torr,
the second being cm-! or MHz. Formula (6a) leads to the following
temperature dependence (assuming the optical cross-section, o, is
temperature independent)

1) (1,)7

)\,

(7)

To remove the negative sign of the exponent this is often rewritten
as

(7a)

When the temperature dependence of the optical cross-section is
added (assuming the form o(T) = o9 TM) the resulting formula is

Ui
1T

n
T2
Tl

(8)

Working in the other formulation (eq. 6b) gives (o temperature
independent)
1
o

VT _

v[T,) . 9)

The tilde above y is to indicate the pressure dependent halfwidth in
cm-! or MHz units. The confusion arises in the similarity between
eqs. (9) and (7a) in the exponents. Only on closer inspection does one
find the temperatures are inverted. When the temperature
dependence of o is added to eq. (9) we write the exponent as m and
note that m = n + 1. The formulation most often used is eq. (7a) with
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o

the temperature exponents to be used on the atlas.

“the size of the errors is such that the temperature

section). Thus both reported values are not correct.

The compilation will have several other

the halfwidths given in (frequency per unit pressure) units. Here we
use equation (8) to describe the temperature dependence so we need
not worry about the negative sign. With this in mind we now review

Table 5 lists the temperature exponents used on the
database. We compare our values with those found on the GEISA
atlas.5 The values used on the database are from references 6-20.
For water, GEISA states a value of n = 0.65 for pure rotation from the
work of Bauer et al® and n = 0.5 for all other bands from the work of
Davies and OIli.7 In reference 6 we found that the average value of n
= 0.65 was for self-broadening of HpO from ATC and QFT calculations
cited in the references. Bauer's experimental measurements for self-
broadening given n = 1.17 + 0.06. For air-broadening Bauer reports

dependence

cannot be determined” and no value is given. The reference of n =
0.5 from Davies and Oli is merely a statement of the classical value of
n (i.e. the assumption of a temperature independent optical cross-

In the Davies and Oli paper, four transitions were studied
for temperature dependence, three pure rotation and one v line.
The average exponent for Nj-broadening of the pure rotation lines
was n = 0.64, and the value for the vp line was n = 0.45. We have
discussed the results with Dr. Richard W. Davies and feel that the
value for the 6 4 2 —» 7 5 3 v transition (n = 0.45) represents more
how the temperature exponent can vary from line to line rather than
being indicative of the average value. Until further calculations are
made it is suggested the value n = 0.64 be used for all water lines.

temperature

exponents that do not agrce with the GEISA values. This arises from
recent measurements not yct added to the GEISA database.




Molecule HWHM

min max
H.O 0.0061 0.1046
Co, 0.055% 0.0899

0, 0.045 0.077
N-0O 0.0686 0.0974

Cco 0.047 0.08s8
cit, 0.0445 0.0920

0, 0.032 0.062

NO 0.043 0.063
$0. 0.110 0.152
N3, 0.062 0.073
s, 0.043 0.090

HNO, -- 0.13 --

CH -- 0.083 --

HF 0.020 0.126
HC1 0.013s 0.0953
HBr 0.015 0.123

HI 0.008 0.100
Clo -- 0.085 --
0oCs --0.07 --

H,CO 0.107 0.108
HCC1l -- 0.06 --
N, -- 0.06 --
HCX 0.0819 0.1566
CH,C1 -- 0.08 --
H,0, .- 0.10 --
C.H, 0.0400 0.1158
CoH, -~ 0.10 --
PH, -~ 0.075 --
arrce of Alr-Freoadened

~erendences

15

n

main max

-- 0.64 --
0.75 0.79

-- 0.76 --
0.64 0.82

-- 0.69 --
0.63 1.00

-2 0.5 ---

.- 0.5 ---

-2 0.5 ---

- 0.5 ---

e 0.5 ---

-2 0.5 ---

<2 0.5 ---

-e 0.5 ---
0.20 0.88
-2 0.5 ---
<= 0.5 ---

“- 0.5 ---

e 0.5 ---

«- 0.5 ---
<= 0.5 ---

- 0.5 ---

«- 0.5 ---

-- 0.5 ---
<= 0.5 ---

-- 0.75 --

-- 0.5 ---

-- 0.5 ---

..................

Falfwidths and Temperature




For ozone the recent work of Gamachel3 gives a value of
n = 0.76 for air-broadening temperature dependence. For CO, there
are several references; the work of Bouanich et al.l6 giving N = 0.75
and n = 0.77 for the temperature ranges 200 - 300 K and 93 - 300 K.
The work of Hartmann et al.l7 giving nN2 = 0.69 = 0.02 and that or
Connor and Radford!8 giving naj, = 0.74 + 0.10. We have decided to
use the value reported by Hartmann et al. for the temperature
exponent, n = 0.69.

For NOj, measurements by Devi et al.19-20 for ten
transitions give an average value of n = 0.97. This will be used for
all NOj lines.

With the new parameters defined, we reformatted the
two atlases and merged them into one database. This procedure
employed the use of many programs to check for the consistency ot
the data, proper formats, etc. From the many checks, we are
reasonably confident the database is free from format errors.
Because of the new structure of the database and the addaitional
parameters, the 1986 version is distributed with a user friendly
program that will extract information from the database and
generate files of several specific forms. The intent was to ease the
change to the new form for users conditioned to the old format. The
program, called SELECT, uses help screens in the interactive mode to
prompt the user for specifics. Any incorrect or inconsistent data
entries are sensed and the question reissued to the user. The
progrum considers up to ten choices of molecule, isotope, vibrational
band, and intensity level in a specified frequency range. From the
selection, output can be generated in several specific forms.

The new file structure of HITRAN is shown in Figure 1. A
complete description of the changes and improvements to HITi v 4.
well «< sources of the data, band sums, etc. can be found
3. Table 6 illustrates the actual image of the new dai. . - ‘o
indivictual quantum transitions for a small frequeni+ ang: the

Lt




EOF

HITRAN

file 1
SELECT.FOR
file 2
HITRAN database
100 bytes/transition
§1 transitions/record
file 3
Reference Tables
file 4

Cross-sections
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“{so Frequency Intensity

Mo v S R
31 §AC.2T6500 4.316E-25 3.777E-O7
281 800.287000 2.270E-23 4.717 -0%
101 800.301900 & .680E-23 2.421E-07.
T §60.30.700 1.286E-2« 1.131E-05.
1] BOC.322500C 1.243E-223 1.274E-06.
QL 800.322700 1.B4OE-ZIZ 2.195E-0¢.
21 G0 . 326900 5.380E-26 I 66BE-05.
o=. 800 22203C 1.10CE-ZIZ 1.2128-02.
121 g00.3%i16UC 1.G10E-I2 1.278E-C¢
1T g0 27EE00 ¢ .83DE-24 € SSLE-C
©- 807 L16-00 5 300E-22 1.02%E-UY
ST 800 . .le7TSC 1.230E-I2 T 035E-0C.
2T g0L 224300 « T23E-I5 2.025F-05
~2 B0 . 4ww000 €.390E-26 1.396E-Gw
151 EQQ.4u”000 £.180E-23 1.002E-05.
z €20 . 451200 3.210E-26 1.731E-C2

1000
0cl8

RUFER
0630.
0661,

FORMAT (I2.I1.F12.6.1FPZE10.3.0P2F2.4 F10.4

100 characters per transition

~wi. format correspon.. as follows:

T § or v v N7 Q’ o8 IEF  IFef
00600.76 0.0C700 2 1241k 6 e Q le’ s
9.4700.50 0.0G000 2 11° 7 1€ it .
Q93600 .50 0.000GC 2 L E w4 . & 10T . :
92510.76 0.0000¢ 2 185G 9. et B
6%B00.76 0.00700 2 11€e15 1 Jrla O
CB6000 .50 0.00000 2 12« 22 26 L
41920.75 0.060°0 & 3 Fi-

24000 .50 0 000CG 19 [ “
80T00.50 C.COOLG 2 1D¢ 274 1L L0C
21200 76 O 00N00 2 il -
GLEQ0 50 0 0CanT - . - .
21050 ¢ 00n0G T L
0L 700 Te (00000 2 N T G e
L E1880 .75 0. 00000 B2 IS
04100 50 0 oo0Goo 2 3Lt T - il T
1.56150.75% 0.00000 iu € vz ¢

Mo 12 - Molecule number

isp- Il - lsotope number (l= most abundant, second, etc.)

. - Fil.8 - Freguer:zy in co ! )

< . E10.3 - Intens.ty in cm ' /(molececm’ ) @ 296K

% - E.C.3 - Transition probability in Debves  (presently lacking irternal parziticn sum:
, . F5.4 - Air-broadened halfwidth (HWHM) in ca’ satm @ 296K

v, - F5.4 - Seif-broadened halfwidth gHUHM) in em” Jatm @ 296K

t% . F10.4 - Lower state energy in cm’

n - F&.2 - Coefficient of temperature dependence of air-broadened halfwidth

v - FB.5 - “hift of transition due to pressure (presently empty; some coupiing coelflcis
’ inserted)

v'o- 13 - Upper state global quanta index

v 13- Lower state global quanta index

¢ - A% - Upper state local quanta

¢ - A9 - Lower state .ocal quanta .

IZR- 311 - Accuracy indices for frequencv', intensity, and halfwidth

IRef-210 - Indices for lookup of references for frequency, intensity, and halfwiith (nos

presently used)

TER code for frequenc: when used:

IER estizazed error in wavenumber
0] > 1.

1 2 0.1 and < 1.0

2 > 0,0 and < 0.1

3 > 0.001 and < © .01

N > 0.00C: and < 0.00:

< > 0.00001 ané < 0.000]

6 < ©£.00001

Table €. LExample of
EITRAN Database

Direct Image of Lines cn tie 198¢€
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first file on the distribution magnetic tape is the program SELECT
discussed above. The file is in a "card" image form, i.e. 80 characters
per record and is followed by an end-of-file marker. The program is
written in FORTRAN 77, follows all ANSI standards and should run on
all systems that have FORTRAN compilers.

The second file on the distribution tape is the database.
There are 5100 characters per record for this file followed by an
end-of-file marker.

The third file on the tape is presently a table of the
isotopic abundances of the species on the database, a copy of this
table is given in Table 2. In the future, this file will also contain
reference tables, partition sums and information of this nature. This
file contains 80 characters per record and ends with an end-of-file
marker.

‘The fourth and last file on the tape is for heavy trace
constituents of the atmosphere that have dense spectra comprised of
many thousands of lines. In the last file are absorption cross-
sections for these species to be used in simulation codes such as
FASCODE.2! The data is from the experimental work of Massie et
al.22  The structure of the file is as follows, a 100 character header
card containing the species name, the number of cross-sections, the
start and end frequency, and the experimental conditions used to
record the data comes first. Next the absorption cross-sections are
given in 10E10.3 format per line and the first entry corresponds to
the start frequency and for each following entry one must add the
frequency interval defined by

_ (end frequency - start frequency)
~ number of points for the species

This 1s repeated for each species given in Table 7. The file is blocked
5100 characters per physical tape record (same as the database)
with the end-of-file marker at the end.
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Table 7. Approximate Absorption Cross-Sections on File 4 of HITRAN Tape
# Cross- Frequency cm-!
Species Sections Minimum Maximum
CIONO> 5020 765.0020 819.9980
HNOg4 5476 770.0070 829.9990
F21 5020 785.0000 839.9950
CCly 1826 786.0010 805.9680
Fll 2738 830.0090 859.9990
F12 7301 860.0080 939.9960
Fl14 12320 1025.0090 1159.9920
F21 4563 1050.0040 1099.9920
Fl1 3651 1060.0040 1099.9980
F12 10039 1070.0050 1179.9940
F113 12777 1090.0080 1229.9980
Fl114 11771 1160.0250 1288.9920
N»Os5 4647 1225.0010 1265.0000
HNO3 7301 1270.0040 1349.9930
CIONOp 3650 1270.007 1309.9910
CFy4 1095 1275.0030 1286.9900
N>Os 11616 1680.0030 1780.0000
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To aid us in keeping track of all the updates, additions
and changes that were to be done, an agenda system was created.
The system was based on the dBASE IIl database language and set
up for an IBM-PC environment. The agenda system allowed us to
list, track, modify and add update information. Each record pertains
to a proposed update from a single source. The structure of the
records is given in Table 8.

Several dBASEIIl programs have been written to make
the database Agenda easier to use. The first is a custom menu
editing program. When the command "DO CUMENU" is entered in
dBASEIIl the screen shown in Figure 2 appears. To modify existing
records a 2 is entered and the screen shown in Figure 3 is displayed.
The fields of the Agenda are shown in reverse video. Changes are
made by typing in the corrections, moving through the various fields
is accomplished by the numeric keypad arrows. Addition of a new
record (enter 1) gives a screen similar to Figure 3 with no
information in the reverse video area. The information is entered,
followed by a carriage return or when the field is full the cursor
automatically moves to the next field to be entered. The use of a
custom screen greatly simplifies the maintenance of the agenda.

The other feature we have added for the agenda is a
print program. By entering the command "DO LISTMOL" the
following prompt is seen:

ENTER WHICH MOLECULE TO LIST
TYPE 'ALL' TO GET ENTIRE LIST

MOLECULE =

by typing ALL the entire data base is listed three records per page.
To get all records pertaining to a particular molecule enter the
chemical symbol, e.g. for water enter H20, peroxide H202, etc. A
second program, LISTMOL2, creates a file called AGENDA.LST which




SE[IE 01 pappe si eep (]

ut stoeep Yl awys oyl jo uondudsaq

31ty wauewsdd jo swepN

d[1j ®ILp JO UONEDIOT]

N 10 A 'pasn aq 1 [I!M\

o3urvs ur Adouonbasy 1soyd1y

d3ues ul Adudnbaly 1samo7

pueq [euonulqgiA Ie[ndtueyd

eIEp JO 92IN0G

N 10 A ‘pasn 3q O1 1juys si

N 10 & ‘pasn

2q o1 yipmmjey jo juauodxa armesddwdy st
N 10 A ‘pasn oq 01 A313ud IS 19MO] SI

N 10 A ‘'Pasn 3Q Ol yipimjjey paudpeoiq-j[as st
N 10 A 'Pasn 23q Ol yipimjjey paudpeosq-ie si
N 10 A ‘pasn aq 01 y13uang st

N 10 A ‘asn aq 01 Aduanbairg st

9pod D.V ‘adojosy

[OQWIKS [eo1WaYd JNIJ[ON

Pt Jo uondtidsaqg

AP VANIIDVY  [asequivg o) aInonng

1.9

ove
oy

v, U, e

aeq NOLLA'TdWOD
1310va0Yy)D SNLVLS
1310018Y) JINVNATIA
1ouiey) NOLLVDO1
191081BY)D) 45N
dLIduWInN dAddNA
SHIdWNN dIMOTA
1d10n1vy) NOLLVY4IA
1910010Y) IDANOS
1910018Y)D LATHS
1910018Y)D MH d3dl
121001EYy)D ADYANI
1210018Y) J714S MH
1910010y dIv MH
1310mI1CYD HLONTYLS
1910018Y) ADNANOTY
1919010y d3dOLOSI
1910eiey) HINOIT0ON
3dXL SweN pRd
¢8/T0/T1
‘8 Qlqel

[eio],

81
Ll
91
¢l
vl
tl
cl
Ll
01

22

:a1epdn asep Jo A

SPIOJ31 vIEP JO IIqQUINN




EXIT AGENDA

DO YOU WISH TO
I. ADD A RECORD
2. MODIFY EXISTING RECORD
3. QuIT

ENTER YOUR CHOICE AND PRESS ENTER

Press any key to continue . .

Figure 2. Custom Editor Menu
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ENTER MOLECULE CO2 COMPLETION 11/30/85

ENTER ISOTOPE 11111111

FREQUENCY y STRENGTH y

HW-AIR y HW-SELF n

ENERGY y TDEP-HW n

SHIFT n USE y

VLOWER 400 VUPPER 9500

VIBRATION All bands

LOCATION File on VAX

FILE NAME CO2:CO2LINES.DAT

SOURCE Rothman, Global analysis

STATUS Needs to have 03301-00001 data from Rinsland added;
needs to have perturbed bands added. Needs to have
self-broadened halfwidth and temp-dependence added.

TO EXIT PRESS PgDhn KEY

Figure 3. Screen for Editing Records
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can be transferred to the Cyber or Vax systems to be printed by the
laser printers. The form is three records followed by a page eject.

We now have an automated means of keeping track of
changes (post, present, and future) made to the database.




2.0 TEMPERATURE DEPENDENCE OF THE HALFWIDTH

It became apparent during the literature search that the
temperature exponents for the halfwidths are not well understood.
The values used on the GEISA atlas and many of the HITRAN values
come from studies of only a few transitions. We undertook the task
of evaluating the temperature dependence of the halfwidths for two
asymmetric rotors, H2O and O3. In our studies we looked at both the

vibrational and rotational structure of this parameter.

2.1  Temperature Dependence of Ozone Halfwidths

The temperature dependence of No-broadened
halfwidths of ozone was studied over a temperature range of 200-
S00K. We assumed the optical cross-section to vary as a
temperature independent part times temperature to a power m (o(T)
= o e TM). This relates the halfwidth at temperature T to the value
at a reference temperature T as

(10)

The exponent n was determined by calculating the halfwidth for 126
ro-vibrational transitions of ozone at seven temperatures. The
halfwidths were calculated using quantum-Fourier-transform theory
with improved dynamics (QFT-1D).23  The transitions chosen
considered a wide range of rotational quantum number, J* (1 to 35),
the full manifold of Ka" for a particular J", and transitions important
to stratospheric studies. The vibrational states considered both A-
and B-type transitions using constants for the ground state and v3

286




bands. All molecular constants were considered the best available at
the time of the calculations.

For each transition studied linear regression was applied
to the coordinates; In(T2/T1) and In(y(T1)/y(T2)), where Tjp, the
reference temperature was taken at 296K. From linear regression
we obtain the slope n, i.e. the temperature exponent and the
correlation coefficient of the fit. Figure 4 shows such a plot for the
27 15 12 « 27 13 15 transition of ozone. For all the transitions
studied, the correlation coefficients were equal to one to four
significant figures comfirming the assumed temperature of the
optical cross-section, i.e. ggeTM,

The results of the calculations give an average
temperature exponent of n = 0.77 for nitrogen-broadening. The
temperature exponents are transition dependent but the fluctuation
about the average value is small (x6%). The value of n as a function
of J", and Ka" was investigated and the work was related to other
work in the literature. A complete description can be found in
reference 15 or Appendix B. This work lead to an average
temperature exponent n = 0.76 for air-broadening of ozone.

2.2 Temperature Dependence of Halfwidths of Water Vapor

We have performed calculations to study the
temperature dependence of Nj-broadened halfwidths of HyO. In the
calculations we employed cutoff-free theory with improved
dynamics and ATC interruption functions. Some S50 water vapor
transitions were considered for the pure rotation and v bands. The
transitions were supplied to us by Dr. Wesley Traub of the Harvard-
Smithsonian Center for Astrophysics and represent some
stratospherically important lines of water vapor. Nine temperatures
were considered from 200 to 1000 K to allow the results to be
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applicable to the stratosphere as well as hot sources. The
calculations were done and the results are given in Table 9. One
surprising fact was the similar results for the pure rotation and v9
bands. We had expected more of a dependence on the vibrational
band. In general, the v results for n were lower than the pure
rotation n values. However, there were some exceptions to this. The
large variation in n with the rotational quantum numbers was also
surprising.  Average values were calculated for each band giving n
(pure rotation) = 0.684 with a +15 to -28% variation about the
average and n (v2) = 0.676 with a +24 to -10% fluctuation about the
average. This can be compared with the value we calculated for the
ozone-nitrogen system of n = 0.77 with a 6% fluctuation. [t is
suggested that a value of n = 0.68 be used for water vapor and,
whenever possible, use a calculated value from Table 9. A complete
description of the work is given in reference 24 or Appendix B.
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Table 9. Temperature Exponents for H>O-N> System

Assuming the form,

T

}(T):}'(TO) {—,ITO}n'

Transition Pure Rotation V)
J Ky K* T Ky K¢ n n
1 1 1 2 0 2 7182 7110
1 1 0 2 2 1 7259 7067
2 1 1 3 2 2 7086 L7032
2 2 1 3 3 0 6786 6708
2 2 0 3 3 1 6713 6737
3 0 3 3 3 0 7108 7130
3 1 3 4 2 2 .7394 .7441
3 1 2 4 2 3 7067 7074
3 2 I 4 3 2 6964 6988
3 3 1 4 4 0 6507 6577
3 3 0 4 4 ] .6585 6641
4 0 4 4 3 [ 7133 .7084
4 0 4 5 1 5 .6859 .6841
4 1 4 5 0 5 6729 6664
4 1 4 5 2 3 7406 7435
4 1 3 4 4 0 7045 7134
4 2 3 5 1 4 71064 6997
4 2 3 5 3 2 1169 .7003
4 2 2 5 3 3 1171 7212
4 3 2 4 4 1 6696 6643
4 3 1 4 4 0 6937 6969
5 0 5 6 1 6 61006 6076
5 0 5 5 3 2 7085 .6954
5 1 5 4 0 4 6859 6840
5 1 5 6 0 0 5939 5871
5 1 4 5 4 | 7037 7052
S 1 4 5 2 5 7036 .7060
5 2 4 6 ! S 6682 6590
5 2 3 6 3 4 1274 .7301
5 3 3 5 4 2 6765 6581
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7258
6407
6262
.5833
6472
6378
6619
7498
L7192
6209
6477
L7087
7228
7113
5868
.6441

7284
.7169
6389
6124
5689
.6370
6120
6430
.7344
.7348
6211
.6580
6979
7058
6858
.5860
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3.0 WATER VAPOR DATA IN THE VISIBLE SPECTRAL REGION

We have taken the data for water vapor in the visible
region of the spectrum from Camy-Peyret et 41.25-26  The data
consist of 4612 lines in the region 13,435 cm-! to 22,597 cm-l. This
compares with 2932 water vapor lines presently on the database in
this range. The data contains the bands listed in Table 10 and
includes eleven bands that were not present on the 1982 atlas.

The intensities are reported in units of cm-2 atm-1 at 300
K and were converted to the units used on the database, cm-1/molec
cm-2 and to 296 K, the reference temperature of the database. This
first is accomplished by dividing by Loschmidt's constant, N =
(Na/V) = 2.68675 x 1019 cm-3emolec, corrected to 300 K by the
Ideal Gas Law, i.e.

NL(300K) = N[.(273.15K)(273.15/300).
After which the temperature correction must be done.

The data file contains the wavenumber of the transition
and the corresponding error, the measured intensity and estimated
uncertainty, the vibrational and rotational quantum numbers, and
the absorption at the line center in tenths of a percent. Many of the
lines in the data do not contain the intensity and some are
unassigned lines. The data file was split into lines with the measured
intensity, 1319 lines, and the lines without a measured intensity,
3293 lines. The lines that have intensities can be put into the new
format without difficulty. Those without intensities cannot be used
without some estimation of the intensities for the lines. Fortunately
the absorption at the line center is given and can be related to the
intensity of the line.




Table 10. Vibrational Bands Present in the Water Vapor Data from

Camy-Peyret et al.

Vibrational Bands

Bands present in
1982 Atlas

221, 301, 202, 042, 320, 141, 023

Bands New to the
Database

331, 213, 312, 411, 501, 313,
303, 403, 402, 421, 412
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For the lines with intensities, the intensity was converted
to the AFGL units by division by Loschmidt's number at 300 K. The
temperature correction of the intensity to 296 K was then done. The
file was reformatted into the 1986 format and the halfwidths of
Gamache and Davies27 added to the lines. The error estimates for the
data were added to the new rormat in the IER field. The values used
for IER are listed in Table 11.

For lines that only have peak absorption values the
intensities must be estimated by a model. A simple Lorentz model of
the line shape was used to relate the peak absorption values to the
line intensity.

Of the lines of data that have no measured intensities,
1842 of these have quantum assignments (this leaves 1451
unassigned lines). For all the lines the peak absorption at the center
of the line is given. The intensities for these lines can be estimated
from the peak absorption values for the lines that have measured
intensities and a model that relates peak absorption to the measured
intensity. The model of line absorption chosen for this was the
Lorentz line shape. The absorption coefficient for the Lorentz line
shape is given by

S M
k,="
v T 5

(v=vol2 + v (11)
Where S is the integrated line intensity and

vy is the Lorentz halfwidth and

vp is the frequency at line center.

The Lorentz shape has the following form.
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Table 11. IER Values for Wavenumber and Intensity

IER Value Estimated Error in Wavenumber

.9999Y

Jdand < .9

01 and < .1

001 and < .01
0001 and < .001
00001 and < .0001
00001

N BWN — O
AV IVIVIVIV V

IER Value Estimated Error in Intensity

<1.%

1 % and < 2.5%
>2.5% and < 5.0%

> 5.0% and < 10.0%

> 10.0% and < 15.0%
> 15.0% and < 20.0%
> 20.0%

Estimated Intensities

N NN R W —= C
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Peak absorption at the center of the line can be
associated with S/ny. From the 1319 lines of data that contain both S
and peak absorption, P, at the line center, we can equate the two via
a scale factor, i.e.

S

Ty . (12)

In the calculations, the factors of nm and y have been absorbed into the
scale factor so for each of the 1319 lines f = S/P is calculated for each
line. Before the scaling was done the intensities were converted
from cm-2 atm-! units to the units used by AFGL, cm-1/ molec cm-2.
The average value of the scale factor was calculated from the data
giving f = 0.583 x 10-25. Multiplying the peak absorption of a line by
f will give the estimated strength at 300 K in AFGL units. This was
tested by recalculating the intensity for the 1319 lines using f and
comparing these values with the measured strengths.

This approach did not work; the average error from the
method was approximately 2000. The reason for this was that three
lines had a scale factor of order 10-22 to 10-23, whereas all the other
lines were of order 10-26. Heace the average factor essentially came
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from the three large factors. To correct for this the three
troublesome lines were removed. Then the standard deviation of the
scale factor was calculated and then a scale factor was calculated
using only factors within 1 ¢ of the first average. This gave (note
three troublesome factors were removed)

# # Lines ave f
Lines ave f c within 1 © within 1 ¢
1316 0.408 x 1026  0.315 x 10-26 1259 0.356 x 10-26

The new value, f = 0.356 x 10-26 was then used to
recalculate the strengths and compared with the experimental values
for the 1319 measured lines (note three "troublesome” lines included
here) the results were

Average % Dif = - 1.353
Average Absolute % Dif = 16.912

These results suggest the model can supply the line
intensities for the lines where only a peak value is given. The lines
of data without a line intensity were taken and the intensity
estimated via the model, i.e. S = fP with f = 0.356 x 10-26. This
produced a line file (at 300 K) that can be incorporated into the AFGL
database after rescaling to 296 K.

The simple Lorentz line shape model was discussed with
Jean-Marie Flaud, University of Paris. He has suggested that a
different model, based on the curve-of-growth (COG) method, be
tried. In the COG model, the peak absorption is given by

N \
(-ko N ooy

P=ao)=1-¢ ’ (13)

which assumes a Voigt profile,
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1
k(0, log 2) /2 N
Tp, (14)

0oq)= I

Yp

1
log 2 /2
T

If one assumes that the variation of ¢y(og) is mainly due to the
variation of yp which is proportional to og one has

a .
o Jo 0) = —, a = effective constant

% (15)
Thus equation 13 can be written as
and with the definition B = Nla the following can be obtained
c
Kb =-—ZIn(1-P).
(17)

From the values of line intensity and peak absorption, the constant B
is evaluated after which the intensities can be estimated for lines
that have only peak absorption values using the average B value. In
the data set there are 1311 lines that have intensities and peak
absorption values reported. The effective constant B has been
evaluated for these lines. At the suggestion of Flaud, we have
averaged B for the two regions 13500-16500 cm-! and 16500-23000
cm-l (see Table 12). An average over all lines was done and an
average as a function of P for the ranges shown in Table 12. For
peak absorption values greater than 150 the average B values are
similar for both regions. For the values less than 150 there is
considerable change for the lines greater than and less than 16500
cm-!, especially for the peak absorption lines between 75 and 150 in
the upper wavenumber recgion.
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The data indicate a different average for the two regions
and this was used in the generation of the intensities for the lines
with peak absorption only. Before estimating these intensities, the
intensities of the data with measured intensities was calculated via
equation 17 with the average values of B.B = 0.100715E9 for region
1 and B = 0.22147E9 for region 2. The average absolute percent
error, AAPD, the average error, E, and the maximum error, Emax
were computed using the measured intensities for the 1311 lines.
The results are the AAPD = 13.0%, E = -0.00073% and Enp,x = 845%,
this is compared with the results of the Lorentz model. AAPD = 17%
and E = -1.4% (Emax was not calculated in this model). It appears
that the curve of growth model gives better agreement with the
experimental intensities than the Lorentz model does. Thus the
visible spectrum of water vapor was recalculated via the COG model
in the same manner that was done for the Lorentz model. Using the
COG model the intensities were calculated for lines with only the
peak absorption given. These lines were merged with the data
containing both S and P values. The data, which is for 300 K, was
then corrected for 296 K, the reference temperature of the database.
A similar procedure was used on the data without qualtum
identifications (unassigned lines). This yields a file with intensities
for all the lines reported by Camy-Peyret et al.25-26

The water vapor data for the visible region of the
spectrum is almost complete. The final step is to correct the
intensities of the saturated transitions, i.e. those that had peak
absorptions greater than 500. Jean-Marie Flaud has sent a list of the
improved intensities for these lines, see Table 13. To make the
correction, the transitions were selected from the original water
vapor data in Flaud's units of cm-2 atm-1. The intensities were then
corrected to the values in Table 13 and the file was then converted
to AFGL units and format and then corrected from 300 K to 296 K.
The final correction file is given in Table 14. The file was merged
with the other lines for the visible region.




Table 13. Flaud's Notes for Lines with P > 500

cm-2 atm-! at 300 K

13628.8617 000 - 101 221 552 - 4.74-5 P
13628.9113 542 - 643 301 488 - 3.52-5 P
13631.9693 717 - 818 301 866 - 1.12-4
13690.0014 542 - 541 221 511 - 3.63-5
13695.0327 440 - 441 221 802 - 8.60-5
13708.5954 551 - 550 301 857 - 1.05-4 B
404 - 515 202
13766.4625 551 - 550 221 792 - 8.09-5 P
13768.9036 524 - 523 301 642 - 5.56-5
13768.9739 642 - 643 301 551 - 3.79-5
13782.1900 441 - 440 301 800 - 8.39-5 P
13782.2523 440 - 441 301 995 - 2.44-4
13893.1820 432 - 331 301 627 - 5.30-5
13897.4973 312 - 211 301 992 - 2.54-4
13914.8369 704 - 6.13-5
13914.9602 413 - 312 301 655 - 6.13-4
13915.0509 524 - 423 301 999 - 3.48-4
13929.3493 707 - 606 301 889 - 1.23-4 P
13942.5475 909 - 808 301 512 - 3.90-5 B
845 - 744 301
13947.2608 624 - 523 301 983 - 2.19-4
15205.2919 515 - 616 311 531 - 3.96-5
15402.1988 313 - 212 311 592 - 4.97-5
15437.8123 413 - 312 311 558 - 4.46-5 P
16888.2383 220 - 221 203 563 - 6.50-5
P = perturbed B = blended
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13628.861700 0.198E-23 23.79400.0000 0 0 O 10 1 221 ¢C 00 l€.
13628.911300 0.154E-23 756.72500.0000 5 4 2 6 4 3 301 000 1€1
13631.949300 0.490E-23 744.16306.000¢ 7 1 7 8 1 8 301 000 161
13690.001400 0.157€E-23 610.34100.000Cc 5 4 2 5 4 1 221 000 161
13695.032700 0.371E-23 188.10800.0000 4 4 O ¢ 4 1 221 000 161
13708.595400 0.459E-23 742.07600.0000 5 5 1 5 5 0 301 000 161
13708.595400 0.447E-23 326.62500.0000 4 0 4 S 1 5 202 000 161
13766.462500 0.354E-23 742.07600.0000 5 S5 1 S S5 0 221 000 161
13768.903600 0.238E-23 446.51100.0000 S 2 4 S 2 3 301 000 161
13768.973900 0.166E-23 756.72500.0000 6 4 2 6 4 3 301 000 161
13782.190000 0.361E-23 488.13400.0000 4 4 1 s 4 0 301 000 161
13782.252300 0.105E-22 488.13400.0000 4 4 0 4 4 1 301 000 161
13893.182000 ©.226E-23 283.21900.0000 4 3 2 303 1 301 000 161
13897.497300 0.107E-22 95.176056.0000 3 1 2 2 1 1 301 000 161
13914.836%00 0.256E-24 0.00000.0000 0 © O 0 0 o0 000 000 161
13914.960200 0.259E-22 173.36500.0000 4 1 3 3 1 2 301 000 161
13915.050900 0.148E-22 300.36200.0000 5 2 4 @ 2 3 301 o000 161
13929.349300 0.528E-23 446 .69700.0000 7 O 7 6 0 6 301 000 161
13942.547500 0.170E-23 744.06400.0000 9% O 9 g8 0 8 301 000 161
13942.547500 0.172E-23 927.74400.0000 8 4 5 7 4 4 301 00090 161
13947.260800 0.940E-23 446.51100.0000 6 2 4 S 2 3 301 00O 161
15205.291900 0.170E-23 447.25200.0000 S 1 5 6 1 6 311 000 161
15402.198800 0.208E-23 79.49600.00C0 3 1 3 2 1 2 311 000 161
15437.812300 0.188E-23 173.36500.00°0 4 1 3 3 1 2 311 0900 161
16888.238300 0.274E-23 134.90200.0000 2 2 O 2 2 1 203 000 11

Table 1u., Ccrrectecd 1,7 Lines fcr which P > 500
£




Before adding the data to the database and publishing the
results we are going to study the data (e.g. FASCODE plots, etc.) and
compare the results with other data for this region.
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4.0 MISCELLANEOUS TASKS

Throughout the course of the contract there were many
tasks that were performed in conjunction with other groups as well
as preparing data for the next version of the database. These tasks
are discussed below.

4.1 Ozone Data for Minor Isotopic Species

A file of lines for the less abundant isotopic species of
ozone was put on the VAX computer. This file is to be added to the
database to upgrade the information for these isotopes of ozone. Not
present in the file (1982 parameters) is the halfwidths for the
transitions. The file consists of 11235 lines of data from 934 cm-! to
1167 cm-l. The file was sent to the CYBER where halfwidths of
Gamache and Rothman28 were added using the CYBER's mass-storage
facilities. The file was transferred back to the VAX where it was
reformatted to the 1986 format and the additional parameters (e.g.
n, R2, etc.) added. The file is now on the VAX as A86:0ZONE_ISO.DAT.

4.2 Ozone Halfwidths for the GEISA Atlas

A magnetic tape containing the ozone data that is present
on the GEISA atlas was received from Nicole Husson. The tape
contained two files, one containing the temperature exponent for the
halfwidth and the other file has a GEISA date codc in this field.
Because we have the software readily available to add our ozone
halfwidths28 to the GEISA atlas, we offered to do this task for Dr.
Husson.  This will ensure thit no mis-communication can occur and




that the GEISA halfwidths for ozone are correct and match the
HITRAN results line-for-line, default halfwidths included.

The files were taken from the tape using the AFGL
copany routine. The tape was labelled as follows

LABEL, TAPE1,VSN=M2764,CV=EB,LK=KU,D=PE,PO=R F=L

and copany needed a file card to describe the 77 card images per
physical record on the tape, i.e.

FILE,TAPE1 FL=80.RB=77,RT=F,BT=K.

By running copany twice we were able to extract each file and save
them as direct access files. The ADDHWO3 program was modified to
read the GEISA data and using the mass storage file of O3 halfwidths,
add them to the output file. The output files were checked to ensure
the program ran as expected and the two files were then transferred
to a magnetic tape in the form that they were sent to us. The tape
was dumped and the results appeared correct. We then sent the
tape to Dr. Husson for addition to the next version of the GEISA atlas.

4.3  Halfwidth _and Temperature Dependence of Halfwidths for

Database

At suggestion of Linda Brown of JPL, we generated a
table of the range of the halfwidths and temperature exponents of
the halfwidth for each molecule on the database. To do this a
program was written that read the unblocked database and stored
the maximum and minimum values of y and n for each molecule.
After the program was run the output was taken and put into
tabular form (see Table 3).




4.4 Qzone Halfwidth and Shift Data Requested by Outside Groups

Dr. Mary Ann Smith of NASA Langley Research Center
requested a listing of ozone shift values for lines in the region 1070
cm-1 to 1140 cm-1. Using SELECT all ozone lines in this region were
removed from the database. From this file only lines with J < 35
were kept, since the shift calculations stopped at J = 35. The
calculated shift values were recovered from backup tape and put on
the CYBER and a program was written to add the corresponding shift
to the lines of data based on the rotational quantum numbers (no
vibrational dependence was considered). This only produced a small
number of shift values for the ozone lines. The reason was that the
calculation of the shift is specific to the initial and final state
rotational quantum numbers. The listed shift values mostly had the
quantum numbers reversed (f— i, i— f) from the lines Smith
requested. The calculations of the shift, however, have the shift of
the individual energy levels listed which allows the calculation of
both Avif and Avgj. This is described below.

If one calculates the shift in the wavenumber for the
transition from level A to B, the shift for the transition B to A can be
calculated from the shifts in the individual levels A and B. This, of
course, neglects vibrational dependence of the shift which may be
important for many systems. To see this consider the following
diagram,




Unperturbed Pressure Shifted

Leve]l B —m—nou— eceacmeaeaa-

Level]l A —m———— | eeeecceeeaa-

In the wunperturbed case, the wavenumber of the
transition is given by

vicm-1) = EB(cm‘l) - EA(cm'l). (18)
When the levels are pressure shifted the wavenumber is
vs(cm‘l) = (ER+AB) - (EA+AA)
=ER-EA + (AB-AA)
=v + (AB-AA). (19)

The line shift is given by Av = (AB-AA). When the reverse transition
B — A occurs the shift is Av = (AA-AB). Because of the sign of the shift
of the individual levels, Av(A—>B) does not necessarily equal -Av
(B—A). For the cases when AA and AB have the same sign Av(A—-B) =
-Av(B— A), when one level shifts up and the other down, Av(A—-B) #
Av(B— A). In these cases the shift for the reverse transitions must be
calculated from the shifts of the energy levels. These shifts were
calculated in the QFT-ID calculations for O3; thus the reverse
transitions can be calculated.

The shifts for the reverse transitions were calculated and
put into a file with the rotational quantum numbers, the halfwidth
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and shift. The shift data was then added to the file of ozone lines.
This supplied data for all the lines in the listing. The data was then
sent to Dr. Smith for comparison with experimentally determined
shifts for ozone lines.

The same experiment has yielded ozone halfwidths and,
in a preprint, Smith stated that for v lines our calculations are a
fairly constant 6% lower than the experimental values. For the few
vy lines that she has measured the calculations average about 3%
lower than experiment. The reason for the improvement for the v3
lines is that the calculations were done for A- and B-type transitions
and the vibrational constants used were from the v3 and pure
rotation bands. Hence the calculated halfwidths for v3 transitions
contain the vibrational dependence explicitly whereas the v
halfwidths were calculated using ground state constants only.

Drs. Ira Nolt and Mian Abbas requested ozone halfwidths
for some twenty transitions. The halfwidth data is to be used for
retrieval experiments. The data were for lines in the 40 cm-! to 70
cm-1 region of the spectrum. The data is listed in Table 15 and was
sent to Dr. Abbas at Drexel University.

4.5 Halfwidths for Water Vapor for HOT Gas Atlas

Dr. John Selby of Grumman Corp. sent a magnetic tape of
transitions for water vapor which are to make up the AFGL HOT gas
atlas. The data on the tape are for the reference temperature 1000
K. Selby requested that data be added to the tape, namely the air-
broadened halfwidths and the temperature dependence of the
halfwidths.  The programs to accomplish this task reside on the
CYBER computer and make use of mass storage files. The tape was
loaded on to the CYBER. This was attempted by two different
methods; first the CYBER COPANY routine was used and while reading




Table 15. Ozone Halfwidths sent to Dr. M. Abbas

Rotational Halfwidths

Quantum Numbers cm-l/atm
7 7 1 ) 6 0 0677
11 7 5 10 6 4 0691
9 9 I 8 8 0 0677
19 8 12 18 7 11 0685
10 6 4 9 5 S .0688
12 7 5 11 0 6 .0690
13 10 4 12 ) 3 0690
13 12 2 12 11 ] .0669
17 6 12 16 h) 11 .0682
17 7 11 10 ) 10 0684
18 6 12 17 5 13 0682
18 7 11 17 6 12 0683
20 7 13 19 6 14 0682
20 6 14 19 S 15 0682
21 6 16 20 5 15 .0683
27 5 23 20 } 22 .0696
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the tape a parity error was encountered. Next a BUFFER IN program
was used and again a parity error was encountercd while the tape
was being read. [ then took the tape to the AFGL VAX computer and
accomplished copying the tape into a file without any problems.

The VAX file SELBY.H20, 18072 lines of data, was
transferred to the CYBER via the hyperchannel. The program to add
the halfwidths along with the five halfwidth files that are input to 1t
were put on the CYBER from backup tapes. The halfwidths were
added to the file (note the file is already in the 1986 format) and the
temperature exponent n = 0.64 was added to all the lines. The file
was hyperchanneled back to the VAX as SELBYHW.H20O. The file was
visually inspected along with the output from the CYBER addition of
halfwidths and it appears to be correct. The file was written to a
magnetic tape and sent back to Selby.

4.6 CO; Data from L. Rosenmann

Laurence Rosenmann from Ecole Centrale des Arts et
Manufactures sent a Macintosh diskette containing halfwidths and
temperature exponents for CO7 broadened by COjp, HpO, N>, and O).
The file was written in the MacWrite application. The file was loaded
into a Macintosh SE and the MacWrite file was converted o text
form. lhe tile was then transferred to the AFGL VAX computer and
given the name ROSENMANN. This was accomplished by using
KERMIT in the SE's communications program. Afterwards the VAX
file, ROSENMANN, was edited to remove blank lines that were
created in the transfer. This data will be considered for the next
version of the database.




4.7 Updates to the Program SELECT

There have been several changes to the program SELECT
since the version 1 distribution. In particular we have tested in-
house several different schemes to make the program faster. They
are based on eliminating as many of the code conversions as possible.
Input to the program has been made easier and the program can be
run in the interactive mode to generate a data file for the batch
mode. This work is aimed at making the use of the database as
simple as possible.

Other changes were made that deal with problems
associated with a growing database. Several times the array space
had to be increased due to the addition of new vibrational bands.
Because the look up procedure relies on these numbers, each time
the array AVIB is increased all the positioning keys need to be
changed. After doing this a few times, we added 25 extra locations
for the vibrational bands to each molecule. This allows us to add
new vibrational bands without having to change all the positioning
keys.
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5.0 PARTITION SUMS FOR THE DATABASE SPECIES

The tctal internal partition sum, Q(T), is needed to extract
the transition probability, Rjf, from the line strength, Sjf (see
equation 1). It is also used for converting line strengths from one
temperature to another. During this contract we started a program
to calculate accurate partition sums for the species on the database
and to consider the temperature dependence of Q(T). Furthermore,
the temperature dependence was represented by an analytical form
allowing fast and accurate calculations of Q(T) without interpolation.
We set a criterion of computing Q(T) to better than 1% and fitting
Q(T) vs. T to better than 1%. For the molecules considered this has
been accomplished.

The total internal partition sum is given by

QT) = Zgi-e'%T

\ (20)

where the sum is over all states i of the molecule, gj is the
degeneracy of the level 1 and includes only the nuclear spin
degeneracies and degeneracies not arising from K or M, k is the
Boltzmann constant, €; is the ro-vibrational energy of the level i, and
T is the temperature in Kelvin. We have evaluated equation 20 by
direct summation over the states i. We have studied the cutoff in i
with respect to the accuracy of the partition sum. What is needed to
evaluate Q(T) is the energy levels of the system, €, and the correct
degeneracy factor, gj.

The degencracy factor is composed of several parts.
There is the space degeneracy factor (2J+1) times the total nuclear
degeneracy factor of each state. This nuclear factor is given by the




nuclear spin weight of each level which is different for symmetric
and nonsymmetric nuclei. For the symmetric nuclei, the nuclear and
rotational wavetunctions couple to give a nuclear spin degeneracy
factor (these were discussed in section 1.0). These are for example
the 3:1 ratio for odd:even states of Hp or H)O. The non-symmetrical
nuclei give rise tu a nuclear spin factor g = [1(2I+1), where I is the
spin  of each nucleus in question. In general one has
(211 +1)e(2l2+1)e(213+1)eee, one term for each unsymmetrical nuclei.
This tactor is usually omitted because in most applications it cancels.
This arises because for most applications a ratio of partition sums is
used and the unsymmetrical term is independent of the particular
state. In our early test calculations we did not include the
unsymmetrical nuclear spin terms. Once we were confident with our
calculations, however, all terms were included explicitly. The
expression for the partition sum contains the non-symmetric factor
outside of the summation and the space degeneracy and nuclear-
rotational wavefunction coupling degeneracy inside,

QM =g, 2(2Ji+ 1) g;® e./{T
i (21)

For applications where the factor g, is needed, it is important that
the term used in the calculation is the one used. Table 16 gives the
non-symmetrical nuclei contributions for each species on the
database that we have considered so far.

With all the statistics at hand, only the energy levels of
the systems are needed to complete the calculations. The energy
levels that are needed can be obtained from the database. Care was
exercised to extract all levels but only for unique quantum states of
the molecules. To obtain accurate sums no duplications of levels can
occur. The approach was to study the band sums for the possible
lower vibrational states of each molecule to be considered. For each
of the wvibrational states, the energy level corresponding to each
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Tahle 16. Nuclear Spin Degeneracy Factors for

Non-Symmetrical Nuclei.

AFGL
Isotope gj= ﬂ(le +1)
Molecule Code

H>O 161
181
171
162

N DN —

CO, 626
636
628
627
638
637 I
828
728

N = QLI =19 —

—

O3 666
668
686

——

N»2O 446
456
546
448
447 5

OO O

co 26
36
28
27

t9 —

ON —

CHy 211
311
212

Wty —

NO, 646 3




unique rotational state is taken and written to a file for that
molecule. Because of the structure of the database, this created two
groups, one for the molecules that have the rotational quantum
numbers in QLOCLO, e.g. HyO, HNOj3, etc., and the other for molecules
that have branch information and quantum numbers in QLOCLO, e.g.
CO», OH, etc. The problem is further complicated by the presence of
hyperfine structure for some of the molecules. Thus rotational
groups 1, 3, and 4 on the database (Table 1) store quantum numbers
so QLOCLO values can be compared and stored since they uniquely
define the state. For group 2 molecules (branch information and
integer J") J" and F" were extracted and written to a character string
and these variables were compared and saved since they are unique.
For group 5 (oxygen molecule) we stored J", N", and F" in the
character string and for group 6 RJ" and F" were stored and similar
comparisons done. A single program was written to perform this
task and run on the database. This generated files of rotational state
information and lower state energies for each vibrational state of
each isotopic species of each molecule. The files were printed and a
copy delivered to L. Rothman. These files revealed some format
inconsistencies that will be addressed on the next version of the
database.  This resulted in energy levels to use to compute the
partition sums. Preliminary calculations were done for H2O and COjp
at 300K and compared with published values. At 300K for 12C160,
we found Q = 291.1136 compared with the value of Gray and
Young?9 of 291.0471. For Hp160, we found Q(300) = 154.0377
compared with the JPL catalogue30 value of 178.115. After
discussions with H. Pickett of JPL, we agreed our value was the more
correct one.

We next considered what cutoff in energy was required
to produce the partition sum accurate to better than 1%. This was
studied by plotting the computed Q(T) vs. T for HpO and COj at
several temperatures and secing is the partition sum has converged.
Figures 5-16 are plots for the main isotopic species of Hp)O (Figures
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5-10) and for COp (Figures 11-13). The figures show that the
partition sums have converged. When similar plots (Figures 14-16)
for the lesser isotopic species of CO» were done it became clear that
the calculations did not converge.

This suggested that we did not have the "complete” set of
states available to us from the energy levels extracted from the
database. This was apparent for the lesser isotopic species but on
closer inspection it was also true for the principal species. Our
analysis indicated the partition sum could be very accurately
determined by including all levels up to 5000 wavenumbers. This
ensures accurate values for Q(T) up to temperatures of 500K. To
show this we extracted the energy levels as a function of rotational
quantum index (J(J+1) +Ka-Kc+1) for the principal species of water
vapor and ozone. These are displayed in Tables 17 and 18. The
zeros in the tables are when the database has no energy value for
the state. This clearly showed that we could not use the energy
levels from the database only and expect partition sum to better
than [%.

We discussed different schemes to produce the needed
energy levels. The approximate schemes that we tried could not
produce the energy levels with the accuracy that was needed. At
this point we abandoned the use of approximate schemes and
decided to calculate all energy levels from molecular Hamiltonians.

The other aspect of these calculations is how to represent
the partition sums as a function of temperature. The method
commonly used is to calculate Q(T) for a set number of temperatures
and to linearly interpolate on a In{Q(T)} vs. In{T} basis. This is not an
clegant method to get Q(T) at arbitrary temperatures but is certainly
applicable if all else fails. We have sought simple analytical
expressions that can represznt Q(T) in terms of a small number of
parameters. QOur first tests v.2re on a simple two parameter power
law, Q(T) = aTb. This worked very well for the principal species of
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water vapor from 200-350K, 0.04% maximum error in reproducing
Q(T). This form failed when applied to other isotopic species and to
other molecules.

A more complex analytical form based on the work of
McDowell3l was tried next. From McDowell, the analytical form of
the rotational partition sum for a spherical top molecule is given by

SR
Q =o x /e B%(1+15%BB) 22)

where B = hcB/kT (B = rotational constant) and o* = (21y+1)n/0 (Iy
nuclear spin of the Y nuclei, 6 = classical symmetry number) and D

It

centrifugal distortion constant. In this expression o, , D and B were
treated as adjustable constants. This proved to give good results.

We then tried a simple polynomial expression in
temperature with four adjustable constants,

2
Q(Ty=a +bT +cT +d’I‘3 ) (23)

This form for the partition sum proved to be the simplest for
recalculation of Q(T) and it gave the most accurate results. This was
the form that we chose to represent the partition sums.

We then fixed the temperature range of study to consider
from 70 to 440K in SK steps. The energy levels for each molecule
were calculated via the appropriate Hamiltonian for each vibrational
state and the partition sums done. The partition sums were then
fitted32 by the polynomial expression by first doing a least squares
fit.  The results of the least squares fit was used as input to a
minimax (Simplex) procedure to the eight power (the power of eight
was chosen by increasing the exponent until no further change in the
results was observed). The standard deviation of the least squares
fit was used as a step size in the Simplex minimization. This yields a
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set of coefficients; a, b, ¢, d, for each isotopic species of each molecule
studied. Below we discuss each molecule separately.

5.1  Water Vapor

For water vapor, there are some levels missing for the
principal isotopic species (161 AFGL code) and many levels missing
for the other species 181, 171 and 162. By using the index, ] + Ka -
Kc + 1, we have filled an array of energy levels for each isotopic
species. This allows us to determine which levels are missing for
each isotopic species. We then took the Watson Hamiltonian
constants from C. Camy-Peyret et. al.33-34 for the 161, 181 and 171
isotopic species and the Hamiltonian constants of Toth et. al.35 for the
HDO species (162) (the constants are given in Table 19) and used
these to generate all the missing levels. In order to do this the
asymmetric rotor cnergy program had to be made operable. After
some work this was done and test calculations were made to check
the integrity of the program. Calculations were made up to a cutoff
in energy which relates to the maximum J level for a vibrational
state. This gave us a near complete set of energy levels up to 5000
cm-1. Because the energy levels from the database come from the
work of Camy-Peyret et al., the final energies are a consistent set.

The partition sums were then calculated using the
"complete” set of energy levels. The calculations were done in part
on the AFGL VAX and on an ULCAR IBM-AT-PC. In Figure 17 the
convergence of the partition sum at several temperatures is shown.
The partition sum has leveled off at around 2500 c¢m-l. Error
analysis was also done by shifting the energy levels by the maximum
error reported in the litcrature (0.2%). recalculating the partition
sums and then forming thce difference of the two values.  The results




Flaud and Camy-Peyret ground state 161 Watson constants

0.00C00000
27.880678
14.521689
g 277459
3.25199
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HLKJ
HLJK
HLJ
hsK
hsJK
hsJ
ALK
ALKKJ
ALJK
ALJ
ALJJIK
AlsK
AlsJH
AlsKJ
AlsJ
PK
PKKJ
psK
QK

RK

570

[

mil+-onian Constants
[

} i
i
Species of HLC

rQor




Flaud and Camy-Peyret ground state 181 Watson constants

0.00000000 E+00 Vibrational energy
27.531110 E+00 A
14.522047 E+00 B
9.238056 E+00 o
3.16331 E-02 DLK
-5.6857 E-03 DLJK
1.25338 E-03 DLJ
1.2636 E-03 dsK
5.0937 E-04 dsJ
1.1805 E-04 HLK
-1.5611 E-05 HLKJ
-1.5209 E-06 HLJIK
5.3638 E-07 HLJ
2.8488 E-05 hsK
-5.49 E-07 hsJK
2.7204 E-07 hsJ
-6.305 E-Q7 ALK
1.7035 E-07 ALVKJ
-4 .,454 E-08 ALJK
-2.373 E-10 ALJ
0.00000 E-10 ALIIY
-2.2547 E-Q7 AlsK
0.00 E 00 AlsJY
-3.22 E-09 Al-¥J
-1.324 E-10 AlsJ
1.982 E-09 PK
0.0000 E 00 PRIKJ
4.157 E-10 psK
-3.797 E-12 QK
0.00 E 00 RK
Tab e 19, (Contdnied)
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Flaud and Camy-Peyret ground state 171 Watson constants

0.00000000
27.695220
14.521875

9.256840
3.20133

-5.

71998

1.25345
1.2885
5.0841
1.2040

-1.
-1.

6324
378

5.3645
3.1329

-7.

396

2.7281

-6
2

-2

OWwW Hh O 92O O

.882
L4318
-6,

947

.759
.00000
.87C4
.00
.76
.533
.031
.00
.613
.964
.00

E+00
E+00
E+00
E+00
E-02
E-03
E-03
E-032
E-04
E-04
E-05
E-06
E-07
E-05
E-07
E-07
E-07
E-07
E-08
E-10
E 00
E-07
E 00
E-09
E-10
E-09
E 00
E-10
E-12
E-15

Vibrational energy
A

B

C

DLK
DLJK
DLJ
dsK
dsJ
HLK
HLKJ
HLJK
HLJ
hsK
hsJK
hsJ
ALK
ALKKJ
ALJK
ALJ
ALJJK
AlsK
AlsJK
AlsKJ
AlsJ
PK
PKKJ
psK
QK
RK

Table

(Continued)




Toth’s Watson constants for HDO

0.00000000 E+00 Vibrational energy
23.413842 E+00 A
9.103323 E+00 B
6.406295 E+00 C
1.25376 E-02 DLK
1.1432 E-03 DLJK
3.60562 E-04 DLJ
2.0814 E-03 dsK
1.2143 E-04 dsJ
4.5589 £-05 HLK
-8.702 E-06 HLKJ
2.401 E-06 HLJK
3.513 E-08 HLJ
1.482 E-05 hsK
1.001 E-06 hsJK
2.112 E-08 hsJ
-1.055 E-07 ALK
0.00000 E 00 ALKKJ
0.00000 E 00 ALJK
0.000 E-08 ALK
0.00000 E 00 ALJIK
0.00000 E 00 AlsK
0.00000 E 00 AlsJK
0.00000 E 00 AlsKJ
1.09000 E-11 Als)
0.00000 E 00 PK
0.00000 E 00 PKKJ
0.00000 E 00 psK
0.00000 E 00 QK
0.00000 E 00 RK

Table 19. (Tontinund)
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of the error analysis show the partition sums accurate to ~ 0.3%,
which is certainly in the error range we desired.

The polynomial fits were done for the four isotopic
variants of water vapor. Figures 18 and 19 display the % error [(Q(T)
- polynomial)*100/Q(T)] of the fits for H216O and for HDO. For the
principal species the error remains below 0.25%. for HDO it remains
below 0.02%, confirming the validity of the polynomial fit. Thus we
are confident that the partition sums are accurate to better than 1%.

5.2 Carbon Dioxide

For carbon dioxide, all energy levels upto 5000 cm-!
were calculated via L. Rothman's COj-Generator program.  This
program used the most recent set of molecular constants for the
isotopic species 12C1604,13C160,, and 16012C180. The error
analysis used a shift in the energy levels of 0.2%, this is greater than
the actual error for most of the lines but provides an upper limit.
With this shift in energy the partition sums did not change by more
than 0.3%. The partition sums were evaluated at the specified
temperatures and then the results fitted by the polynomial. The
resulting error of the fitting is demionstrated in Figure 20 for the
principal isotopic species of COp. Note the fitting error remains less
than -0.02% again confirming the polynomial fit and total internal
partition sums accurate to better than 1%.

5.3 0Ozone

Ozone had muny energy levels missing as well as having
many states coming from older less reliable sources. Because better
values are available, especially for the isotopic species, we decided to




Polynomial Fit

a
o

Tigure 18,

n
Je) B
— O
I
-
) § 1 L j’ ¥ I v I L l L
N - O = M
o o o o 93 C?
1

o182/ ([BTUWIOUAT0d-0T80),. 001
1011 %

, Lrror |0(T)-Polynemial/QT| vs.

79

300 400 500
Temperature K

200

100




500

o o
- K
v
E as b
R
oy —8 v
« =
o mm| o
E i »~
2,
o
g R 5
> . =
| B
O o
A - 8
- .
J | B | I S SR R | v o
N o -— o — N
o = o S o =
o o o o () o
oTBO/(1BTWXOUAT0d-0182) 00T !
IOIIE%
Figure 19. % Error |[2(T)-ro.yrncmia)/GT| vs. T for HDO

80




CO,

500

T
400

E; Y
- 2 o
>3
o -+
©
o
O
~N E
(3
i -
O
~ E
P,
- T | -y O
- < — N
!
(1)0/(lelwouA|0d-{1)D)%00|
o9dJUuaJdalJI0 %
% Trror |GC(T)-Polynomial,/JT| vs. T for ce,

51




do the ozone partition sums from molecular constants entirely, i.e.
the levels from HITRAN will not be used at all. The references for
the ozone Watson Hamiltonian constants are Flaud et. al.36-41 These
constants are (see Table 20) for the principal species (666) for the
states 000, 001, 100, 110, 011, 010, 020, 002, 101 and 200. For tne
686 and 668 species the constants include the 000, 010, 001 and 100
vibrational states. Note for the principal isotopic species (666) there
are ten vibrational levels and we tested the often uscd
approximation

Q(T) = Qw(T) » Qr(T) . (24)

used for these levels. Many thousands of levels were calculated by
the ASMROT program and formatted for the partition sum prograni.
Again the 5000 cm-! cutoff was enforced to produce the final set of
"complete” energy levels. The resulting partition sums and the error
analysis are given in Tables 21 and 22. The error analysis shows the
partition sums being good to better than 0.4% error.

The test of the approximation of Qvip times Qror being
equal to Qtot appears very good for ozone. The difference between
the actual partittion sum and the approximation was never greater
than 0.16% error from 100 to 400 K (see Table 23).

5.4 N0

For NoO we sorted the energy levels from the database
and found many levels missing for J > 70. These energies are in the
range 2500 cm-l and must be accounted for if the calculations are to
be of the required accuracy. The vibrational bands of importance
are:




Flaud et. al. ozone (666) ground state Watson
0.00000000 E+00 Vibraticnal energy
3.553666502 E+00 A
0.445283207 E+00 B
0.394751807 E+00 C
0.2116872 E-03 DLK
0.184846 E-0S DLJK
0.454169 E-06 DLJ
0.323240 E-05 dsK
0.697903 E-07 dsJ
J.3989¢6 E-07 HLK
0.18592 E-08 HLKJ
0.646 E-11 HLJK
0.221 E-12 HLJ
0.2293 E-08 hsK
C.757 E-11 hsJK
0.1755 E-12 hsJ
0.1177 E-10 ALX
0.273 E-12 ALKKJ
0.0 E-00 ALJK
0.299 E-17 ALJ

-0.325 E-15 ALIIE
0..¢1 E-12 AlsK
0.0 E-Q0 A1sJ¥
¢.0 E 00 AlsKJ
0.0 E 00 AlsJ
C.323 E-14 PK
0.189 E-15 PKKKJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 RK

le 20, Watson Pamiltonian Constants fcr C

from Flal et al.
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Flaud et. al. ozone (666) 010 state Watson constants

700.931056 E+00 Vibrational energy
3.607092966 E+00 A
0.444021809 E+00 B
¢.202439113 E+00 C
0.2327460 E-03 DLK
0.1790036 E-05 DLIK
0.457106 E-06 DL
0.388635 E-05 dsk
0.692601 E-07 dsJ
0.48866 E-07 HLK
£.24208 E-08 HLKJ
0.309 E-11 HIJK
0.31367 E-12 HLJ
0.31966 E-08 hsK
0.1155 E-10 hsJK
0.1868 E-12 hsJ
0.1582 E-10 ALK
0.47095 E-12 ALKFJ
0.0 E-00 ALIK
0.0 E-17 AL
0.0 E-18 ALITK
G.€28 E-12 tisk
a0 E£-00 AlsJK
G.3¢e3 E-13 Alst]
.0 E 00 AlsJ
G.498 E-14 PK
0.0 E-15 PKKEJ
0.0 E-00 psK
0.0 E-00 Qx
0.0 E-00 RK
Table 20, (Tontine )
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ozone (666) 001 state Watson constants

1042.08398
.50055300
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390998275
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16977
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E-05
E-06
E-05
E-07
E-07
E-08
E-11
E-12
E-0O8
E-10
E-12
E-10
E-12
E-00
E-17
E-15
E-12
E-00
E-13
E 00
E-14
E-15
E-00
E-00
E-00

Vibrational energy
A

B

C

DLK
DLJK
DLJ
ds¥
dsJ
HLK
HLKJ
HLJK
HLJ
hsK
hsJK
hsJ
ALK
ALKEJ
ALJK
ALJ
ALTIK
AlsH
£1sIK
AlskJ
AlsJ
PK
PKKXJ
psk
QK
RK

(e

(Corntinue)
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Flaud et. al. ozone (666) 100 state watson constants

1103.13729 E+00 Vibrational energy
3.55669374 E+00 I3
0.442736468 E+00 B
0.392568222 E+00 C
0.2174685 E-03 DLK
0.2156% E-05 DLIK
0.461481 E-06 - DL
0.35570 E-05 dsK
0.658775 E-07 dsJ
0.41897 E-07 HLK
0.2041 E-08 HLKJ
0.312 E-10 HLJK
0.624 E-12 HLJ
0.98 E-09 hsK
0.80 E-11 hsJK
0.91 E-13 hsJ
¢c.i218¢ E-1C ALK
0.30¢% E-1 ALKKS
0.0 £-00 £LIK
0.2994 E-17 ALd
-0.2251 E-15 ALITE
0.15 E-12 £1sK
0.0 E-00 £1sJK
0.0 E-13 £1sKJ
C.0 E 00 £isJ
0.322 E-14 PK
0.18¢95 E-15 PEFXKJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 X

Table 0. (("".":fi.".l,l“ 3




Flaud et

. al. ozone

7666) 020 state Watson constants

1399.272628 E+00

Vibrational energy

3.6624062 E+00 A
0.44274468 E+00 B
0.39007214 E+00 C
0.256077 E-03 DLK
-0.17212 E-05 DLIK
0.46006 E-06 DLJ
0.45898 E-05 dsK
0.68637 E-07 dsJ
0.610 E-07 HLK
0.2542 E-08 HLKJ
0.186 E-10 HLIK
0.118 E-12 HLJ
0.478 E-08 hskK
-0.268 E-10 hsJK
0.238 E-12 hsJ
-0.333 E-10 ALK
0.953 E-12 ALKKJ
0.0 E-00 ALJK
0.0 E-17 ALJ
G.C E-15 ALJJIK
0.0 E-12 AlsK
0.0 E-00 AlsJK
0.0 E-13 AlsKJ
0.0 E 00 AlsJ
C.40 E-13 PK
0.0 E-00 PKKKJ
0.0 E-00 pskK
6.0 E-00 QK
0.0 E-00 RK
Table 23 (Continued)




OO OO OO O OO DO OO0ODOOO0ODO0OODOODOODO0OCOODOOW

OO OrH WO oOo oK

Flaud et.

al. ozone (666) 002 state Watson constants

2063.17411
.L4LBB3
LL376296
.387865
.20455
L1426
LL6727
.2075
.7886
.382
L1474

.0

.3215
.327
.7576
.1755
.104

.273%

(o o BR WV
w

E+00
E+00
E+00
E+00
E-03
E-05
E-GE
E-05
E-07
E-07
E-08
E-11
E-12
E-08
E-11
E-12
E-10
E-12
E-00
E-17
E-15
E-12
E-00
E-13
E 00
E-14
E-15
E-00
E-00
E-00

Vibrational energy
A

B

C

DlK
DILJK
DLJ
dsK
dsJ
HLK
HLKXJ
HLJK
HLJ
hsK
hsJK
hsJ
ALK
ALKK]
ALJIK
ALJ
ALIIK
AlsK
A£1sJK
AlsKJ
AlsJ
PK
PKKKJ
psK
QK
RK

{Centinued)
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Flaud ect.

al. ozone (666) 101 state Watson constants

2110.78428

.5019861
4385779
.388266
.213845
.1870
.66090
.4330
L7482
.4085
L2173
.22
.3215
.207
.7576
.1755
.1106
.2739
.0
2994
03251
.1812
.0

.0

.0

.333
.1895

E+00
E+00
E+00
E+00
E-03
E-05
E-06
E-05
E-07
E-07
E-08
E-10
E-12
E-08
E-11
E-12
E-10
E-12
E-00
E-17
E-15
E-12
E-00
E-13
E 00
E-14
E-15
E-00
E-00
E-00

Vibrational energy
A

B

C

DLK
DLJK
DLJ
dsK
dsJ
HLK
HLKJ
HLJK
HLJ
hsK
hsJK
hsJ
ALK
ALKKJ
ALJK
ALJ
ALIJK
AlsK
AlsJK
AlsKJ
AlsJ
PK
PKKKJ
psK
QK

RK

Table 0.

(Continued)
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Flaud et. al. ozone (666) 200 state Watson constants
2195.87187 E+00 Vibrational energy
3.55982 E+00 A
0.4400887 E+00 B
0.39008¢ E+00 C
0.22394 E-03 DLK
C.2641 E-05 DLIK
0.46579 E-06 DLJ
0.3510 E-05 dsK
0.6250 E-07 ds.
0.468 E-07 HLK
0.2405 E-08 HLKJ
0.57 E-10 HLJK
0.3215 E-12 HLJ
C.143 E-08 hsk
0.7576 E-11 hsJK
0.1755 £-12 hsJ
0.191 E-10 ALK
0.2739 E-12 ALKKJ
0.0 E-00 ALJK
0.2994 E-17 AL)
-0.3251 £.15 ALIJK
0.1812 £-12 AlsK
0.0 £-00 AlsJK
0.0 E-13 AlsKJ
0.0 E 00 Als]
0.333 E-14 B
0.1895 E-15 PKKIJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 RK

Table 0. (Zen*irnued)
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Flaud et. al. ozone (666) 110 state Watson constants

1796.26187 E+00 Vibrational energy
3.6108121 E+00 A
0.64144616 E+00 B
0.39029¢€70 E+00 c
0.239727 E-03 DLK
0.20753 E-05 DLIK
0.46689 E-06 DLJ
0.4321 E-05 dsK
0.6473 E-07 dsJ
0.4997 E-07 HLK
0.2104 E-08 HLKJ
0.84 E-10 HLJK
0.169 E-12 HLJ
0.28 E-08 hsK
0.23 E-10 hsJK
0.92 E-13 hsJ
0.126 E-10 ALK
0.2739 E-12 ALKKJ
6.0 E-00 AL3JK
0.2994 E-17 ALJ
0.3251 E-15 ALJIK
0.1812 E-12 AlsK
0.0 E-00 AlsJK
0.0 E-13 AlsKJ
0.0 E 00 AlsJ
0.333 E-14 PK
0.1895 E-15 PKKKJ
0.0 E-00 pskK
0.0 E-00 QK
0.0 E-00 RK
Table 27 (Continued)
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Flaud et. &l.

ozone (666) 011 state Watson constants

1726.52249 E+00 Vibrational energy
3.5523057 E+00 A
0.42989712 E+00 B
0.2885032¢ E+00 C
0.22865 E-03 DLK
-0.1598 E-05 DLIK
0.45985 E-06 DLJ
0.3495 E-05 asK
0.7610 E-07 ds)
0.464 E-Q7 HLK
0.1876 E-08 HLKJ
0.311 E-10 HLIK
0.114 E-12 HLJ
c.0 E-08 hsK
0.0 E-11 hsJK
0.200 E-12 hsJ
0.108 E-10 ALK
0.273¢9 E-12 ALKKJ
0.0 E-00 ALJK
0.2994 E-17 A
-0.22:51 £-15 ALSJE
0.1€12 E-12 A1sK
C.0 E-00 AlsJK
0.0 E-13 AlsKJ
0.0 E 00 AlsJ
0.3323 E-14 PK
0.1895 E-15 PKKKJ
6.0 E-00 psK
0.0 E-00 QK
6.0 E-00 R¥.
Table 23, (Continued)
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Flaud et.

al. ozone (686) ground state Watson constants

.00000000
.29049900
.44539922
.39132966
.1808811
.13179
L4784
.31155
.72905
.29550
L1475
121

.439

.16l

11

.160

E+00 Vibrational energy
E+00 A

9 E+00 B

2 E+00 c
E-03 DLK
E-05 DLJK
E-06 DL
E-05 dsK
E-07 dsJ
E-07 HLK
E-08 HLKJ
E-10 HLJK
E-12 HLJ
E-08 hsK
E-11 hsJK
E-12 hsJ
E-00 ALK
E-00 ALKKJ
E-00 ALJK
E-00 ALK
E-00 ALJJK
E-00 AlskK
E-00 AlsJK
E 00 AlsKJ
E 00 AlsJ
E-00 PK
E-00 PRKJ
E-00 psK
E-00 QK
E-00 RK

Table z0. (Continued)
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Flaud et. al. ozone (686) 010 state Watson constants

€93.30570 E+00 Vibrational energy
3.34155121 E+00 A
0.444188088 E+00 B
0.388900751 E+00 C
0.1990522 E-03 DLK
-0.12424 E-05 DIJK
0.450826 E-06 DLJ
0.37198 E-05 dskK
0.72243 E-07 dsJ
0.37749 E-07 HLK
-0.1709 E-08 HLKJ
-0.25 E-11 HLIK
€.332 E-12 RLJ
0.262 E-O8 hsK
-0.55 E-11 hsJK
0.173 E-12 hsJ
-0.674 E-11 ALK
0.0 E-00 ALKKJ
0.0 E-O00 ALJK
0.0 E-00 ALK
c.0 £-00 ALIIX
0.0 E-00 AlsK
0.0 E-00 AlsJK
0.0 E GO AlskKJ
0.0 E 00 AlsJ
0.0 E-00 PK
0.0 E-00 PKIJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 RK
Tatle 20. (Continued)
qu




Flaud et. al. ozone (686) 100 state Watson constants

1074.30756 E+00 Vibrational energy
3.290456 E+00 A
0.4428737 E+00 B
0.388777 E+00 C
0.181 E-03 DLK
0.132 E-05 DLIJK
0.448 E-06 DLJ
0.311 E-05 dskK
0.729 E-07 dsJ
0.313 E-07 HLK
-0.158 E-08 HLKJ
0.300 E-11 HLJK
0.327 E-12 HLJ
¢.217 E-08 hsK
-0.967 E-11 hsJK
0.187 E-12 hsJ
0.0 E-00 ALK
0.0 E-00 ALKKJ
0.0 E-00 ALJK
0.0 E-00 ALK
.0 E-0C ALIJJIK
0.0 E-00 AlsK
0.0 E-00 AlsJXK
0.0 E 00 AlsKJ
0.0 E 00 AlsJ
c.C E-00 PK
0.0 E-00 PKKJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 RK
Table 23. (Con*tinued)
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Flaud et. al. ozone (686) 001 state Watson constants

1008.45277 E+00 Vibrational energy
3.243579 E+00 A
0.4615969 E+00 B
0.368332 E+00 C
0.17836 E-03 DLK
-0.13¢87 E-05 DLIK
0.45380 E-06 DLJ
0.2604 E-05 dsK
0.7713 E-07 dsJ

0 3082 E-07 HLX
-0.99 E-09 HLKJ
-0.300 E-11 HLJK
0.327 E-12 HLJ
0.217 E-08 hsK
-0.967 E-11 hsJK
0.187 E-12 hsJ
0.0 E-00 ALK
0.0 E-00 ALKKJ
0.0 E-00 ALJK
0.0 E-00 ALK
0.0 E-00 ALIIY
0.0 E-00 AlsK
c.0 E-00 AlsJK
0.0 E 00 Als¥J
0.0 E 00 alsd
0.0 E-00 PK
0.0 E-00 PKEJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 RK




Flaud et.

al. ozone (668) ground state Watson constants

0.00000000 E+G0 Vibrational energy
3.48818507 E+00 A
0.420008228 E+0C B
0.374008635 E+00 C
0.2038845 E-03 DLK
0.190229 E-05 DLJK
0.406917 E-06 DLJ
0.29205 E-05 dsK
0.606059 E-07 dsJ
0.35200 E-07 HLK
0.1589 E-08 HLKJ
0.140 E-10 HLJK
0.300 E-12 HLJ
0.159 E-08 hsK
0.20 E-11 hsJK
0.112 E-12 hsJ
.0 E-00 ALK
¢c.0 E-00 ALKKJ
0.0 E-00 ALJK
¢.0 E-00 ALK
0.0 E-00 ALITY
0.0 E-00 AlsK
C.C E-00 A£1sJK
0.0 E 00 AlsKJ
0.0 E 00 AlsJ
0.0 E-00 PK
0.0 E-00 PKKJ
0.0 E-00 psK
0.0 E-00 QK
0.0 E-00 RK
Tarle (Contiruca)




Flaud et. al. ozone (668) 010 state Watson constants
684 .613410 E+0C Vibrational energy
31.53817681 E+00 A
0.4188292¢0 E+00 B
0.371940160 E+00 c
0.223517 E-03 DLK
0.1857%4 E-05 DLJK
0.409356 E-06 DLJ
0.25057 E-0S dsK
0.602338 E-07 dsJ
0.44078 E-07 HLK
0.1832 E-08 HLKJ
0.92 E-12 HLIE
0.315 L-12 HLJ
0.27 E-O8 hsK
0.76 E-11 hsJK
0.150¢C E-12 hsJ

-0.523 E-11 ALK
0.95 E-13 ALK
0.0 E-00 ALJK
0.0 E-00 ALK
0.0 T.00 EEROR
0.0 £-00 Eisk
.0 £-00 t1lsJH
¢.0 E 00 £1s¥
C.C E 00 Als]
0.0 E-00 P¥.
c.0 E-00 PrYJ
0.0 £-00 DSk
0.0 E-00 QK
.0 E-00 RK

Table 25, (Centinund)
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Flaud et. al. ozone (668) 100 state Watson constants

1087.321 E+00 Vibrational energy
3.492163 E+00 A
0.4177232 E+00 B
0.371583 E+00 C
0.21002 E-03 DLK
0.21110 E-05 DLJK
0.41042 E-06 DL
0.367 E-05 dsK
0.5909 E-07 dsJ
0.465 E-07 HLK
0.171 E-08 HIKJ
0.300 E-11 HLJK
0.237 E-12 HLJ
0.230 E-08 hskK
0.113 E-10 hsJK
0.160 E-12 hsJ
0.0 E-00 ALK
0.0 E-00 ALKKJI
0.0 E-00 ALJK
0.0 E-00 ALK
0.0 E-00 ALSJK
G.0 E-00 AlsK
c.0 E-00 AlsJK
0.0 E 00 AlsKJ
0.0 E 00 AlsJ
0.0 E-00 PK
0.C E-00 PKKJ
0.0 E-0Q pskK
0.0 E-00 QK
0.0 E-00 RK
Table 20. (Con*tinued)




Flaud et. al. ozone (668) 001 state Watson constants

1031.144 E+00 Vibrational energy
3.437126 E+00 A
0.41623161 E+00 B
0.370827 E+00 C
0.20100 E-03 DLK
-0.18600 E-05 DLIK
0.41252 E-06 DLJ
0.2265 E-05 dsK
0.6396 E-07 dsJ
0.346 E-07 HLK
-0.171 E-08 HLEJ
-0.300 E-11 HLJK
0.237 E-12 HLJ
0.230 E-08 hsk
-0.113 E-10 hsJK
C.160 E-12 hsJ
0.0 E-00 ALK
0.0 E-00 ALK
0.0 E-00 ALJK
0.0 E-00 ALK
¢.o E-00 ALY
0.0 E-00 Alsk
.0 E-00 £1sJK
0.0 E 00 £1s¥]
0.0 E 00 Als]
0.0 E-00 PK
0.0 E-00 PRKJ
0.0 E-00 psK
0.0 E-0C QK
0.0 E-00 RK

Table 20, (Continu~d)




Isotopic species AFGL notation

T(K) 666 686 668

75.0 423.57301 442 04036 452.18747
100.0 651.93939 680.37119 666.01106
125.0 911.29072 951.06373 972.96670
150.0 1199.11158 1251.55313 1280.46761
175.0 1514.51893 1581.01883 1617.70104
200.0 1857.98773 1940.05606 1985.26019
225.0 2231.08186 2330.30476 2384.75109
250.0 2636.19739 2754 .06241 2818.40078
275.0 3076.33884 3213.93102 3288.70960
300.0 3554.93599 3712.52993 3798.17253
325.0 4075.69798 4252 .28448 4349.07628
350.0 4642 .49715 4835.28585 4943 36631
375.0 5259.27411 5463.21039 5582.57170
400.0 5929.95802 6137.28490 6267.77471

Yable z1.  Partition Sums from a "Complete" Set of 0

“nerry Levels
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686

668

isotope
100.0
200.0
296.0
300.0
400.0

isotope
100.0
200.0
296.0
300.0
400.0

T(K)
666 isotope
100.0
200.0
296.0
300.0
400.0

Q(up)

653.
1863.
3487
3566.
5952,

682.
1946.
3642
3725.

6159.

698.
1991.
3726.
3810.
6290.

89971
73002

.31957

94909
39804

41710
06082

.21345

01776
67172

10417
40759
35560
92570
51425

r Analysis for the Isctoric Srecies of O

% Err

.30
.31
.33
.34
.38

.30
.31
.33
.33
.36

.30
.31
.33
.33
.36

Q(actual)

651

1857,
3475.
3554,
5929.

680.
1940.
3630.
3712.

6137

696.
1985.
3713.

3798
6267

102

.93939
98773
62583
93599
95802

37119
05606
04803
52993
.28490

01106
26019
92951
.17253
.77471

% Err

.30
.31
-.34
.34
.38

.30
-.31

.34
.34
.36

.30
.31
.33
.34
.36

GQ(down)

649
1852 .
3464
3542.
5907.

678.
.08323
3617.
3700.
6115.

1934

693.
1979.
3701.
3785.
6245,

98887
27591
N0203
99506
66662

33551

95402
11563
03544

92840
14548
57603
49411
17363

2
>




Temp (K) Error Qactual Qeotal Quvib Qrot
100. . 0000 651.9394 651.9395 1.0000 651.9119
200. -.0008 1857.9880 11858.0030 1.0074 1844.3030
225. -.0008 2231.0820 2231.0990 1.0136 2201.1150
250. -.0002 2636.1980 2636.2020 1.0224 2578.5150
275. .0012 3076.3390 3076.3010 1.0339 29/5.4720
300. .0035 3554.9360 3554.8120 1.0483 3391.1030
325. .0066 4075.6980 4075.4300 1.0656 3824.6350
350. .0101 4642 .4970 4642.0260 1.0858 4275.3910
375. .0135 5259.2740 5258.5630 1.1088 4742.7660
395. .0155 5791.3220 5790.4260 1.1291 5128.2660
Tatb 1« ;o ng* ~f Apo ~ - e
TabLle o _as I Approximation Qvib Qpot for
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Toth's Effective rotational

1 1 91 120
0.0000000000 E 00
0.4190110012 E 00
1.76091933 E-07
~-0.1652924 E-13

0.00000 E-18
Toth's Effective rotational

1 2E B8O 120
588.768 E 00
0.4191779259%9 E 00
1.78324547 E-07
-0.17146 E-13

0.00000 E-18
Toth's Effective rotational

1 2F 80 120
588.768 E 00
0.4199698451 E 00
1.79303055 E-07
-0.17668 E-13

0.00000 E-18
Toth's Effective rotational

1 3 78 120
1168.1323 E 00
0.419920057 E 00
2.49403822 E-07
30.82612 E-13
-18.9735 E-18
Toth's Effective rotational

1l 4E 78 120
1177.7446 E 00
0.420125256 E 00
1.196793 E-07
-29.5680 E-13
-24.48239 E-18
Toth's Effective rotational

1 4F 78 120
1177.7446 E 00
0.420126260 E 00
1.8180 E-07
0.9510 E-13

0.00000 E-18
able 24 |

constants for

CPxXowo

constants for

T O W

tants for

8
a o

HIXxowo

constants for

HXOoOw®

constants for

HXowo

10u

the 0000 state of 446 N20

the 0110E state of 446 N20

the 0l110F state of 446 N20

the 0200 state of 446 N20

the 0220E state of 446 N20

the 0220F state of 446 N2O

ti7nal Harilternian Ceonstants




Toth's Effective rotational

1 5 76 120
1284.9 E 00
0.417255097 E 00
1.7261943 E-07
1.263279 E-13

3.492826 E-18
Toth's Effective rotational

1l 6E 68 120
1749.0651 E 00
0.419583988 E 00
2.109928 E-07
11.75046 E-13
-12.20395 E-18
Toth's Effective rotational

1 6F 68 120
1749.0651 E 00
0.421079177 E 00
2.178319 E-07
-3.200163 E-13
14.50675 E-18
Toth's Effective rotational

1 7E 67 120
176€.912 E 00
0.420667057 E 00
1.593325 E-07
-29.1628 E-13

c.0 E-18
Toth's Effective rotational

1l 7F 67 120
1766.912 E 00
0.4206713799 E 00
1.6806495 E-~-07

29.5664 E-~13
0.0 E-18
Toth's Effective rotational

1l 7E 1 2
1766.912 E 00
0.420667057 E 00
1.593325 E-07
-29.1628 E-13

c.0 E-18
Tat‘l(-’

constants for the

constants for the

HXowoO

constants for the

w o

o

constants for the

HPROoOwWoO

(Centinued)
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1000 state of 446 N20

0310E state of 446 N20

0310F state of 446 N20

C330E state of 446 N20

0330F state of 446 N20

0330E state of 446 N20




Toth's Effective rotational constants for the 0330F state of

Toth's Effective rotational constants for the 1110FE state of

Toth's Effective rotatiocnal constants for the 1110F sta.: c¥

1 7F 1 2
1766.912 E 00 G
0.4206713799  E 00 B
1.6806495 E~07 D
29.5664 E-13 H
0.0 E-18 L

1 B8E 66 120
1880.2657 E 00 G
0.4174647588  E 00 B
1.74899344 E-07 D
1.138277 E-13 H
0.00000 E~-18 L

1 8F 66 120
1880.2657 E 00 G
0.4183730749  E 00 B
1.72005845 E-07 D
2.246281 E-13 H
0.00000 E-18 L

Tal le ("
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Toth's Effective rotational constants for the 0000 state of 456 N20
2 1 78 120

0.0000000000 E 00 G
0.4189818102 E 00 B
1.76326469 E-07 D
0.0 E~13 H
0.00000 E~18 L

Toth's Effective rotational constants for the 0110E state of 456 N20
2 2E 68 120

588,768 E 00 G
0.4191089166 E 060 B
1.78583283 E~-07 D
0.0 E~13 H
0.00000 E-18 L

Toth's Effective rotational constants for the 0110F state of 456 N20
2 2F 68 120

588.768 E 00 G
0.4199186417 E 0O B
1.79446290 E-07 D
0.0 E-13 H
0.00000 E-18 L
Toth's Effective rotational constants for the 0200 state of 456 N20
2 3 1l 120
1168.1323 E 00 G
0.4195204111 E 00 B
2.8246994 E-07 D
58.90136 E-13 H
0.0 E-18 L
Toth's Effective rotational constants for the 0220E state of 456 N20O
2 4E 1l 120
1177.7446 E 00 G
0.42003233 E 00 B
0.9542 E-07 D
0.0 E-13 H
0.0 E-18 L
Table zu. (Continued)
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Toth's Effective rotational constants for the 0220F state of 456 N20
2 4F 1 120

1177.7446 E 00 G
0.42003483 E 00 B
1.8131 E-07 D
0.0 E-13 H
0.00000 E-18 L
Toth'’s Effective rotational constants for the 1000 state of 456 N20O
2 5 1 120
1284.9 E 00 G
0.417127383 E 00 B
1.75528298 E-07 D
0.60935 E-13 H
0.0 E-18 L

Toth's Effective rotational constants for the 1110E state of 456 N20
2 8E 1 120

1880.2657 E 00 G
0.4172733118 E 00 B
1.77554100 E-07 D
0.562150 E-13 H
0.00000 E-18 L

Toth's Effective rotational constants for the 1110F state of 456 N20
2 8F 1 120

1880.2657 E 00 G
0.4181654622 E 00 B
1.76635130 E-07 D
2.288250 E-13 H
0.00000 E-18 L
Table 2., (Continucd)
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Toth's Effective rotational constants for the 0000 state of 546 N20
3 1 79 120

0.0000000000 E 00 G
0.404857965155 E 00 B
1.64294216 E~07 D
1.867536 E-13 H
0.00000 E~-18 L

Toth's Effective rotational constants for the 0110E state of 546 N20
3 2E 69 120

588.768 E 00 G
0.4050372717 E 00 B
1.65680840 E~07 D
0.0 E-13 H
0.00000 E-18 L

Toth's Effective rotational constants for the 0110F state of 546 N20
3 2F 68 120

588.768 E 00 G
0.40578110957 E 00 B
1.66742291 E-07 D
0.0 E-13 H
0.00000 E-18 L
Toth's Effective rotational constants for the 0200 state of 546 N20
3 3 1l 120
1168.1323 E 00 G
0.40571242618 E 00 B
2.224294126 E-07 D
21.26045 E-13 H
0.0 E-18 L
Toth's Effective rotational constants for the 0220E state of 546 N20
3 4E 1 120
1177.7446 E 00 G
0.405951230 E 00 B
1.21815 E-07 D
0.0 E-13 H
0.0 E-18 L

Toth's Effective rotational constants for the 0220F state of 546 N20
3 4F 1l 120

1177.7446 E 00 G
0.405950430 E 00 B
1.69110 E-07 D
0.0 E-13 H
0.00000 E-18 L
Table 24, (Continued)
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Toth's Effective rotational

3 5 1 120
1284.9 E 00
0.403263631305 E 00
1.5980072 E-07
3.702650 E-13

0.0 E-18

Toth's Effective rotational
3 6E 1 120

1749.0651 E 00
0.405410701 E 00
1.8139457 E-07
0.0 E-13
0.0 E-18

Toth's Effective rotatiocnal
3 6F 1 120

1749.0651 E CO
0.4067990584 E 00
1.99573470 E-07
0.0 E-13
0.0 E-18

Toth's Effective rotational
3 8E 1 120

1880.2657 E 00
0.40348977155 E 00
1.61182100 E~07
0.657200 E-13
0.00000 E-18

Toth's Effective rotational
3 8F 1l 120

1880.2657 E 00
0.40435854185 E 00
1,57574110 E-07
0.244250 E-13
0.00000 E-18

constants for the

HTOoOwWwo

constants for the

T oOwo

constants for the

XMoo wo

constants for the

X ow®

constants for the

Do waa

1000 state of 546 N20

0310E state of 546 N20

0310F state of 546 N20

1110E state of 546 N20

1110F state of 546 N20




Toth's Effective rotational constants for the 0000 state of 448 N20
4 1l 78 120

0.0000000000 E 00 G
0.39557789529 E 00 B
1.58345694 E-07 D
0.0 E-13 H
C.00000 E-18 L

Toth's Effective rotational constants for the 0110E state of 448 N20
4 2E 68 120

588.768 E 00 G
0.39575970106 E 00 B
1.60023584 E-07 D
0.0 E-13 H
©.00000 E-18 L

Tocth's Effective rotational constants for the 0110F state of 448 N20O
4 2F 68 120

588.768 E 00 G
0.396471172725 E 00 B
1.€20772378 E-07 D
0.0 E-13 H
0.00000 E-18 L
Toth's Effective rotational constants for the 0200 state of 448 N20
4 3 1 120
1168.1223 E 00 G
0.29€2780%84345 E 00 B
2.05540250 E-07 D
11.96215 E-12 H
0.0 E-18 L
Toth's Effective rotational constants for the 1000 state of 448 N20
4 5 1 120
1284.9 E 00 G
0.354111321136 E 00 B
1.489508691 E-07 D
3.498220 E-13 H
0.0 E-18 L

Table L, (Corntinued)




Toth's Effective rotational constants for the 0310E state of 448 W20
4 6E 1 120

1749.0651 E 00 G
0.3959890999 E 00 B
1.836545 E-07 D
0.0 E-13 H
c.0 E-18 L

Toth's Effective rotational constants for the 0310F state of 448 N20
4 (33 1 120

1749.0651 E 00 G
0.3972774667 E 00 B
1.93453325 E-07 D
0.0 E-13 H
0.0 E-18 L

Toth's Effective rotational constants for the 1110E state of 448 N20©
4 8E 1 120

1880.2657 E 00 G
0.3943490062 E 00 B
1.52755220 E-07 D
0.0 E-13 H

0.0 E-18 L
Tcth's Effective rctational constants for the 1110F state of 448 1120
4 8F 1 120

1880.2657 E 00 G
0.3952190532 E 00 B
1.47157125 E-07 D
0.0 E-13 H
0.0 E-18 L

able 26, (Contiroae i)
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Toth's Effective rotational constants for the 0000 state of 447 N2O
5 1 78 120

0.0000000000 E 00 G
0.406672154476 E 00 B
1.66397195 E-07 D
0.0 E-13 H
0.0 E-18 L
Takle 24, (Continued)
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Toth's Effective rotational constants for the 0110E state of 447 N20O
5 2E 68 120

588.768 E 00 G
0.4068471 E 00 B
1.6836 E~07 D
0.0 E-~13 H
0.0 E~18 L

Toth's Effective rotational constants for the 0110F state of 447 N20
5 2F 68 120

588.768 E 00 G
0.4075991 E 00 B
1.7139 E~07 D
0.0 E~-13 H
0.0 E~-18 L
Toth's Effective rotational constants for the 0200 state of 447 N20
5 3 1l 120
1168.1323 E 00 G
0.40748554120 E 00 B
2.222921200 E-07 D
13.82892 E-13 H
0.0 E-18 L
Toth's Effective rotational constants for the 1000 state of 447 N20
5 5 1l 120
1284.9 E 00 G
0.4050539924 E 00 B
1.6100012 E-07 D
3.37195 E-13 H
0.0 E-18 L
Takle Z4,  (Zaontinuesd)
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Toth's Effective rotational constants for the 1110E state of 447 N20
5 8E 1l 120

1880.2657 E 00 G
0.40528198274 E 00 B
1.62997350 E-Q7 D
0.0 E-13 H
0.0 E-18 L

Toth's Effective rotational constants for the 1110F state of 447 N20
5 8F 1l 120

1880.2657 E 00 G

0.40616960105 E 00 B

1.60573455 E-07 D

0.0 E-13 H

0.0 E-18 L
Table 24, (Continued)
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ivliow vibrational state iviow vibrational state
1 0000 5 1000
2 O110E, OO110F 6 0310E, O0310F
1 3 0200 7 0300E, 0300F
4 0200E, 0200F 8 1110E, 1110F

For N2O the energy levels can be expressed by the formula:

E,=G +B-DX’+HX’+LX* (25)

where X = J(J + 1) and G, B, D, H and L are effective constants given in
reference 41 (see also Table 24). The missing J levels for each
isotopic species and each vibrational state are given below in Table
25 while the band origins for the vibrational states from Toth42 are
given in Table 26.

Table 25. Last J-Level for N2O Data From the AFGL Database

Vibrational State

1s0topic 0000 0110 0200 0220 1000 0310 0300 1110

species
446 91 80 78 78 76 68 67 66
456 78 68
546 79 69
448 78 68
447 77 60

11¢




Table 26. Band Origins for the Various Vibrational Levels

Vib. Band Origin in cm-!
Level for Isotopic Species

446 456 546 448 447
0100 588.768 575.5 585.320 584.1 586.3
0200 1168.1323 1144.33341159.9717 1155.1399
0220 1177.7446
1000 1284.9 1269.8920 1246.8846 1264.7047
0310 1749.0651
0300 1766.912
1110 1880.2657 1860.1913 1862.7670 1839.9361

Some 4000 energy levels were calculated to fill the N2O energy
array. Because of the time necessary for file transfer to and from the
VAX an energy cutoff of 5000 cm-! was enforced bringing the
number of calculated levels to 2888. The complete set of energy
levels (to 5000 cm-1) was then used to calculate the partition sums
for N20O. In the error analysis part of the calculations, the
recalculated (high J) levels are flagged by a negative sign and a shift
of 0.5% is used. For all other levels the 0.2% shift was used. Table 27
lists the partition sums for N2O. The error analysis gave
approximately a 0.5% error at 500 K for the 546 species as the
largest error.

54.1 CO

The total internal partition sums for CO were calculated;
however, the polynomial fit has not yet been done. For this molecule
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C54873%
L3624
L4521°
L4358
L8074
.68522 503.
.53580 567
.07935 577.
.55749 644 .
.61184 714
.03323 867.
.03489 1225

Isotopic species AFGL notation

446 456
124.77949 124.78836
166.33257 166.35749
342.09902 343.05349

ci Inerpy lLevelc

118

546

448

15226 128
17161 171
50801 3

95600

.70333

839900
02468
35619
81020

.49795




the energy levels were calculated using the Dunham expansion. The
original program and Dunham coefficients were supplied to us by R.
Tipping, University of Alabama. Because the number of levels is
relatively small we have calculated all levels from J = 0 to 74 for the
ten lowest vibrational levels (v = 0, 9). This generates energies to =
28,000 cm-l. The calculations were done for the four isotopic species
of CO on the database.

5.5 Methane

For the methane molecule, complete energy level listings
for the ground states of the 12CHy4 and 13CHy4 species were obtained
from Dr. Linda Brown, Jet Propulsion Laboratory. The energies are
given for J up to 31 (.5000. cm-1). These were merged with the
upper vibrational state energies from the database to get a
"complete” set of energies. The partition sums were calculated for
these species and are given in Table 28. In Figure 21 a plot of the
partition sum for each species of carbon vs. energy at 400 K is
presented. We note the sums have converged. The polynomial
coefficients for the temperature expression were then calculated for
this molecule.

S.6__ Nitrogen Dioxide

For nitrogen dioxide only the principal isotopic species is
present on the database, 14N1603. The coupling of the rotational
wave functions and the nuclear statistics for the symmetric oxygen
atoms for this molecule is the same as for symmetric O3, i.e. the only
allowed levels are for Kz + K¢ + v3 even. All energy levels were
determined via theory. The molecular constants were obtained for
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[ —

the first eleven vibrational states of NO». The constants were taken
from reference 43 for the 000, 010, 020, 100, 001, 030 and O11
bands and from reference 44 for the 120, 101, 130 and the 111
bands. All energies from J = 0 to 75 were calculated and those less
than 5000 cm-! were retained.

Nitrogen dioxide has an unpaired electron which
complicates 1its structure. The rotational quantum numbers are
labeled by N, K3z and K¢ (note K3 and K¢ can be combined into one
quantum number t = Kj3-K¢) where N is the angular momentum,
rotational and electron orbital, and Kj and K¢ are the prolate and
oblate limit of K. The electron spin (S = 1/2) and rotational angular
momentum (N) couple to give the total electron and rotational
angular momentum J = N + S = N + 1/2, thus the spin-rotation
interaction splits the energy levels into two components. The energy
can be expressed as a rotational energy, Er given by diagonalizing the
Watson Hamiltonian, and a contribution due to the spin-rotation
interaction.  The spin-rotation interaction terms determined up to
second order are:

F -2 - €€

(e,, 0K, +¢ N(N+1)+YSL°—°)— 8, « N(N+1)
poFr o
'The 2(N+1) - 2

4 (g,-€) 2 K
+naaaaKa"'—3'd—_Ka 1- 2

(26)

for J = N + 1/2. and

[
N
]




-~ 2 - (€,.,—€.)
E (e,, 0K, +eN(N+1)+y——b—b4—°—°~—51'K_N(N+1)
F2:—5+—L
¢ 2N 4 (e ;) 2 K;:'
*+ Ngaza Ka - o Ka Y
4B N
L -t

(27)

for J = N - 172 (N>0)

In these equations € = (1/2) (epp-ece)i B = (1/2)(B+C); y = -1 for N odd
and y= +1 for N even. The spin-rotation constants are given in terms
of the €34. €ph. €Ecc and Ngaga. From the papers listed above, spin-
rotation constants are available for the following bands: 000, 010,
120, 101, 130, and 111. For the other bands, 020, 100, 001, 030 and
011, only the rotation energy was calculated and a splitting factor of
2 was multiplied times these levels in the partition sums, i.e. the
degeneracy factor.

We started by calculating the rotational contribution to
the energy levels. All states for N = 0 to 75 were considered with the
cutoff at 5000 cm-l. The calculations had some difficulties: for
lower values of N the calculations matched the published values,
however, extrapolation to higher values was clearly incorrect. For
example, the state 44 6 38 is present on the database and has an
energy of 1105.6 cm-!, the calculated value from diagonalizing the
Watson Hamiltonian was 402.9 cm-1. From the calculations there
were many other examples of levels that were incorrect, some wild
extrapolations, negative energies, etc. In order to calculate the
partition sums accurate to one percent, these levels must be
evaluated. We looked at several ways to estimate the missing levels,
e.g. filling in with [cvels that were present on the database and




trying fits for the other missing levels. For NOp2. the rotational
constants B and C are approximately equal to give a near prolate
symmetric top but the limiting energy formula does not give
accurate enough results for the calculations. We also investigated the
change in energy with respect to Ky and again this was of little helg
for prediction of the energies that were needed.

We then considered the fitting procedure that is normally
used to give the Watson Hamiltonian constants. As one goes up in
the terms of the Hamiltonian the constants get smaller and smaller.
However, these multiply angular momentum to larger and larger
powers. Thus, if one of the upper constants is off by a small amount,
the calculations diverge as J increases. We then took the ground
state Watson constants from Camy-Peyret et. al.43 (this publication
references the work of W. Lafferty, N.B.S. for the ground state
Hamiltonian constants) and set the three highest constants, AK., AKN.
and Lk, to zero (these are angular momentum to the sixth, sixth, and
eighth powers, respectively). The calculations were repeated with
these constants and compared with the published values (those on
the HITRAN database). Table 29 gives examples for some levels that
were in error before.

Table 29. Comparison of Calculated Energies in cm-! with
Published Values

State E(calc) E(pub) % diff
29 10 20 1099.8 1102. 0.2
12 12 0 1102.1 1109. 0.62
44 6 38 1105.6 1105.6 0.0
St 1 51 1106.8 1106.7 -0.005

The agreement is very good and it appears that this was the
problem. We tested eliminating only the highest constant LK (this is
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the P,8 term) and calculating the energy.

The results agree very well

with the published values so we feel it was only the LK constant that

was responsible for the error in the diagonalizations.

was removed from all

This constant

the sets of Hamiltonian constants and the

energies were calculated for all levels of NO7; this generated 15,984

rotational energy levels. In Table 30,

constants used in the calculations are given.

papers cited above with the modirications discussed in the text.

the Watson Hamiltonian

These are from the
We

wrote a program to calculate the spin-rotation splitting to the energy

levels for the six bands that constants are available for.

constants are given in Table 31.

Table 31.

These

Spin-Rotation Interaction Constants for NO»

Band € = 1/2(epb-€cc) €aa-€ €hb-Ecc
000 -0.14601935 x 10 2 0.18180028 0.34220076x10-2
010 -0.15193 x 10-2 0.199308 0.384x10-2
120 -0.16733 x 10-2 0.21940 0.446x10-2
101 -0.15513 x 10-2 0.17648 0.3708x10-2
130 -0.17321 x 10-2 0.236906 0.48675x10-2
111 -0.16189 x 10-2 0.193993 0.41165x10-2

MNaaaa

-0.1710183x10-3
-0.20074x10-3
-0.24054x10-3
-0.1733x10-3
-0.26952x10°3
-0.20228x10-3

Applying this, a total of 24,384 energy levels

were generated for

NO»>, 16804 states which have the spin-rotation interaction included
and 7580 states which do not and have an additional
the partition sum degeneracy factor.

factor of 2 in
The non-symmetrical nitrogen
nucleus I(14N) gives a nuclear statistical factor of gj =20 +1)=3
The partition sums were calculated over the to
allow fitting the polynomial to Q(T). The polynomial fit reproduced
the sums to better than 0.4%. Comparison of our calculated value at

temperature grid
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225K with the value given on the JPL Catalogue gives Q(ULCAR) =
8835 and QUJPL) = 8750.

5.7 Approximate Partition Sums

As part of the work on calculating the total internal
partition sums for the molecules on the database, we tested an
approximation that is often used for evaluating the partition sum,
The approximation is to replace the total internal partition sum by a
product of the vibrational partition sum and the rotational partition
sum, i.e. Q(T) = Qy(T)*Q¢(T). Rather than doing a direct sum on
twenty to thirty thousand energy levels, two smaller direct sums are
done. The vibrational sum is usually over 5 to 10 terms and the
rotational sum can be over several hundred to a thousand or so
levels or can be approximated by analytical formula or by classical
values.

The approximation made would be strictly true if the
shapc of each upper vibrational potential curve was the same as the
ground state potential curve. This is not the case, however, so we
must ask the question "How much does the change in the shape of
the potential curve affect the rotational energies and does this have a
noticeable effect on the partition sums?" What we . ust do to
answer this is to consider the ro-vibrational energies since the
assumption comes from writing Eyr = Ey + E;. For most of the levels
at the bottom of the potential, the difference in energy causes little
change in the calculated partition sum (<0.1%) over temperatures
below 250-300 K. Above these tempeiatures, upper levels become
important and we expect to see some deviation between the two
partition sums. We desire to know how great this deviation can be.
This will be important for the larger systems where molecular
constants are not available for many of the low lying vibrational
bands. It is for these systems where the approximation must be
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made. This study will help determine the accuracy of the partitions
sums calculated using Qy*Qr.

We have tested the approximation for HpO, CO7 and O3.
For water vapor the calculations were done for the principal isotopic
species and for monodeuterated water. The direct summation for the
vibrational partition sums was over 8 and 10 vibrational levels
respectivelv. The values of the vibrational energy levels are given in
Table 32 for all the species we have tested except CO» for which all
of the values published were used (see L.S. Rothman, Appl.
Opt.25,1795 (1986)). For HpO. CO7 and O3 the error was of order
0.1% in the temperature range of interest. For HDO tne error was low
until around 275-300 K where the error went to ~1%. This is shown
in Figure 22. Also given in the figure is the approximation using the
classical value for the rotational partition sum. Note this is clearly
greater than the 1% level we have set for the calculations.

We decided to also test the approximation that is used in
the FASCODE program2!l for the partition sums as a function of
temperatures. In the program the partition sum at temperature T is
approximated by the product Qy(T)*Q(T). where Qy(T) 1s calculated
by direct summation and Qr(T) is approximated by
Qr(296K)*(T/296K)1~5. In Figure 23 the calculated Q(T) is plotted vs.
thc FASCODE approximation for HDO. The % error plot reveals that
the approximation starts around 3% low at 70K and increases to
roughly 0.5% high at 420 K. The approximation is not too severe in
the temperatures of atmospheric interest, this is, however, only for
one species and larger deviations may be observed for other
molecules.
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Table 32, Vibrational Energies in cm-|

level H0 HDO 1603
0.0 0.0 0.0
2 1594.7 1403 .4 700.9
3 3151.6 2723.7 10421
4 3657.1 2782.0 11031
5 3755.9 3707.4 1399.3
6 46668 4100.1 2063.2
7 5235.0  4145.6 2110.8
8 $331.3 5363.6 2195.9
9 6415.6 1796.3
10 6452.1 1726.5

S. 8 Nuclear Statistical FFactors for Non-Symmetric Nuclei

We  decided  to calculate the internal partition  sum
explicitly.  This gencrates nuclear statistical factors that cancel in
usual applications of the partition sums and hence these terms are
normally omitted. It is more for the sake of clarity that they are
included here, t.c. rather than trying to explain what factors we are
lcaving out from the sum for cach isotopic variant we are simply
calculating the partition sum correctly.  In order to use these sums,
c.g. calculating R from §, these factors must be used.  We review
them here for the species we have considered to date. The fact of
having non-symmetric nucler means that the spin of the nucleus has
not  been accounted  for in the coupling  between  rotational

wavetunctions and the spins of symmetric nuclei (the usual g; terms,
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e.g. 0 or 1 for asymmetric/symmetric ozone). The nuclear statistical
factor generates additional multiplying terms of g; = (21+1) for each
non-symmetric nuclei, where 1 is the spin of the nucleus in question.
We write the internal partition sum as

_Ei
QM =g; > gi¢ KT
i (28)

were gj can be taken out of the sum because it is the same for all
states. In the discussion below use is made of the AFGL isotopic
labeling scheme, e.g. 161 represents the H)160 species of water
vapor.

H>0O

161 The hydrogen nuclei are symmetric and couple with the
rotational wave functions to give the 3:1 (odd:even
states) ratio. The 160 nucleus has spin zero so the
additional factor is gj = [2%x(0)+1] = 1.

181 This is similar to 151, because 180 has spin zero the factor
is the same as for 161, gj = [2%(0)+1] = 1.

171 Again the symmetric hydrogen nuclei couple with the
rotational wavefunctions to give the 3:1 ratio (odd:even).
The 170 nuclei has a spin of 5/2 to give a factor of gj =
[2%(5/2)+1] = 6.

162 The hydrogen nuclei are not symmetric so there is no
coupling with the rotational wavefunctions (g; = 1). The
nuclear spins arc I(H) = 1/2, (D) = 1 and 1(160)=0 to give
a factor of g; = [2%(1/2)+1] [2%(1)+1] [2%(0)+1] = 2431 = 6.




CO2

626

636

628

627
638
637
628

728

666

668

There is coupling of the spin zero oxygens with the
rotational wavefunctions, 12C has zero spin therefore one
has gj = 1.

Same argument for the oxygens as above, !3C has spin
1/2 to give gj = [2%(1/2)+1] = 2.

No symmetric nuclei so we get IT{21+1] but all the spins
are zero so gj = 1.

gj = [2(0)+1] [2%(0)+1] [2%(5/2)+1] = 1x1x6 =6

gj = [2%(0)+1] [2%(1/2)+1] [2%(0)+1] = 1%2x]1 = 2,

gj = [2%(0)+1] [2%(1/2)+1] [2%(5/2)+1] = 14246 = 12.
gj = [2%(0)+1] [2x(0)+1] [2%(0)+1] = 1#1%1 = 1.

gj = 2+(5/2)+1] [2+(0)+1] [2%(0)+1] = 6%1x1 = 6.

Symmetric end oxygens couple with rotational
wavefunctions to give the 1:0 (even:odd) ratio. The
central oxygen (non-symmetric) has spin zero to give gj =
[2+(0)+1] = 1.

No coupling between rotational wavefunctions and spin
so all three oxygens contribute to give gj = [2%(0)+1]
[2%(0)+1] [2%(0)+1] = 1xlx1 =1,
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686

N20

446

456
546
448

447

CcoO
26
36
28

27

Coupling for the 1:0 ratio as for 666, the central 180 has
zero spin to give gj = [2%x(0)+1] = 1.

There are no symmetric nuclei for this molecule thus one
has gj = H[2Ij+1]. One has for 446, gj = [2%(1)+1] [2%(1)+1]
[2%(0)+1] = 3%3x1 =9.

gj = [2x(1)+1] [2x(1/2)+1] [2%(0)+1] = 32«1 = 6.

g_] = [2*(1/2)+l] lz*(1)+1] [2*(O)+l] = 2*3*1 = 6

gj = [2%(1)+1] [2%(1)+1] [2%(0)+1] = 3x3x1 = 9.

gj = [2%(1)+1] [2%(1)+1] [2%(5/2)+1]) = 3x3%6 = 54,

gj = [2x(0)+1] [24(0)+1] = 1x1 = 1.
gj = [2+(1/2)+1] [2%(0)+1] = 2¢1 = 2.
gj = [2+(0)+1] [2%(0)+1] = 1x1 = 1.

8j = [2%(0)+1] [2%(5/2)+1] = 16 = 6.

T




CHy

NO2

446

Here the symmetric hydrogens give rise to coupling with
rotational wavefunctions for the ratio of 5:3:2 for A:F:E
states. The central carbon is what contributes to gj to
give gj = (2%x(0)+1] = 1.

Same as above for coupling and gj = [2x(1/2)+1] = 2.

The symmetric oxygens couple with the rotational
wavefunctions to give 1:0 (even:odd) ratio. The central
nitrogen gives gj = [2%(1)+1] = 3.
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TEMPERATURE DEPENDENCE OF NZ—BROADENED HALFWIDTHS OF H,0

ROBERT R. GAMACHE and LAURENCE S. ROTHMAN

The temperature dependence of N,-broadened halfwidths of
water was studied for rotational vibrational transitions of
atmospheric import?nce. The halfwidths were ca%culated using
cutoff free theory with Anderson-Tsao-Curnutte interruption
functions and trajectories correct to first-order-in-time
The calculations were carried out for pure rotational
transitions and for Vo transitions. The temperature
dependence was calculated assuming the exponential form

n
vre)-1en {i- }
0

The exponent n has been calculated for different
rovibrational transitions and the <calculations have been
performed over the temperacure range 200 K to 1000 K to be
applicable to both atmospheric studies as well as hot
sources. The trends in n, such as vibrational dependence, J

dependencc, etc., are examined and recommended values are
given.
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Temperature Dependence Line Widths and Shifcs

Robert R. Gamache
University of Lowell, Center for Atmospheric Research
450 Aiken Street, Lowell, MA 01854
and
Laurence S. Rothman
Air Force Geophysics Laboratory
Hanscom AF3, MA 01731

Tre temperatura cdependence of the pressure-broadened line widths and
prassure induced line shift are investigated. Line width and shif:
zlazionsg wera donme Zor two major constituents f the terrestrial
share, ozone and water vapor. For ozone some 126 ro-vibratioral
itions belonging to either the pure rotation or the v,; band wers
ad wvia QFT-ID" calculations over a temperature range of 200-500 K. H,O
een stucdied” over a temperaturs range of 200-1000 K to yield results
c3ble to atmospneric studles as well as hot sources. Forty-seven
lonal transitions imporzant to atmospheric studies were considered and
alculatlions were cone Zor both the pure rotation and v, bands of water.
2lfwicdths were calculated usin., a cutoff free theory with Anderson-
Curnuzte (ATC) interruption Iuncticns and trajectories correct to firsc
in tize.” In both studies the transitions span a wide range of J" (1
Tor H 0 and 1-23 Zor Oy with the full manifold of K," being sampled.
ations were done with nitrogen as the perturbing gas and the
ircludes the di Dole(“ 0 or 0,)-quadrupole(¥,} and ths
or . Oj5)-quads uuULc(Nﬂ) interactions. The vibratiorel
explicitly consicdered In all the calculaticns and a Lennarc-
was used to give the first -ordqr-in-time trajectories. Th
tants used in the calculations '° were the best available in
11 terms were included (real andé

In these calculations a
;
le

,
S
no acdjustment of the molecular parameters parameters was

2y zvaluating the halfwidth at a series of temperatures, the variaticn
;ich zamperaturs can be determined in terms of a particular model. The
rzlividsn in em’ T/atm is exprassed as the product of density, velocizy, anc
ha ontical croasz-saczion,
YT, = p (T, (T)ea(T) . (L
Tle termperaturs ndependence of the density(ny+273.15/T) and the
velnciny (8kT/xu) ") are known. Hers we assume the temperature depencence
- . !
c? =he optical cross-section fnllows a power law, i.e. o(T)=0y,+T", where o,
is irdezendent of temperature. The halfwidth from Eq. (1) is considerad atc
~ws tzmparaturzs, T, and T,, and the ratio is taken to give
<1/2 m
47T ) T, T,
1 1 (2
- ——1 . —_ n
10T, T, T
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Setting -n=-1/2 + m produces the usual formula

-n
Tl
(T = 9T« =] - (2

2
The temperature dependence of the halfwidth is contained in the value cZ cne
exponent n. This model also gives the temperature dependence, m, of the
optical cross-section wnich can be useful for other studies.
A similar power law form was tried for the line shif:z,

A{T) = a Tb . (%)
Eoweverb*we wave found that for some transitions an  exponential law,
A(T)=ae"*, fits the calculated line shifts better

To determine the temperature expcrent, the halfwidth or shift is
evaluated at a number of temperatures and the rasults least-squares ficted
to the 9parcticular model. For example, for the haliwidth & plot (lirear
regression) of the set of points In(T,/T,) vs. 1n(v(T,)/v(T;)) yieids a
straight 1line of slope=n. Furthermore, the correlation coefficient of the
fic of the points to a strzight line relates to the wvalidicy of the assumed
taxzrerature dependence oI the optical cross-section, i.e., the closer ths
correlation coefficient is to |1.| the more valid the assumr=ion

A full description of the results, with tables, 1e¢ presentzc In
referances 1 zndéd I, hers we onlv summarize the rasulis

1 we show a tipical Input set of points and the rasulting
s rom regression for the pure rotation transition 2 , o—3 ;
) atzr wvapor 11 the points £all on the straighz line as seen 1in the
z a This is confirmed by the correlation coefficient of the fit wnickh
W (.96698 for this transition. For all of the transitlions studied here,
t corzalazion coefficient for the halfwidth was equal tc ore o <thrze
siznificant {figures confirming the assumed temperature degendence oI the
cotical cr e on, i.e., ao'Tm

In £ s ard 3 the temperature exponents for the halfwidth eare
oozt v zional quantum numbers for H,O and O; respectively note
tnhers arvpea be no structure that would help one rvedict n Zfor &
rarzicular ¢ lon.

Figures 4 and 5 show the temperature depencdence of the shift resul:is
Zrso assuning the power law and exponential law fits. Nots In Iigure & ths
cower law gives the best results whereas it is the reverse in figure 3
slzhough the shifz calculations are still in a preliminary stage, they are
use2izl  to show trernds. The results indicate large -rariations in the
multiplving and exponential coefficients in both models with transition. It
does not appear that these coeificients can be predicted with any certainty
nor does the use of an averuge value seenm warranted. Thers remains much &
Se cdone on this sublect,

(“.»\ nar: ,

Temperature dependence of the halfwid:ch
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both water vapor and ozone it appears that the temperature
of the halfwidth canrot be expressed by a simple relation

on J" or any other quantum number. There is some vibrational
but the variation with rotational transition overshadows this.

ation in the results is much greater for H,0 when compared with
for 0,.

leculations give an average temperature exponent of n=0.68 an
r-broadening of water vapor lines and ozone lines respectively,
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Temperature dependence of the line shifc

1 in a preliminary stage, the vresults of the shifc
é te the temperature dependence is best described by a

or socme lines and by an ewponentizl law for other lines. There
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Abstract for Paper Given at the [0th Colloquium on High Resolution
Molecular Spectroscopy at the University of Burgundy, Dijon, France,

14-18 September 1987

161




TEMPERATURE DEPENDENCE OF LINE WIDTHS AND SHIFTS

Robert R. Gamache
University of Lowell Center for Atmospheric Research
Lowell, MA 01854, USA
Laurence S. Rothman

Air Force Geophysics Laboratory
Hanscom AFB, MA 01731, USA

The temperature dependence of the pressure broadened
line width and the temperature dependence of the pressure
induced line shift are investigated. The model considers the
optical <cross-section to vary with temperature as o(T) =
aO-Tm wnere o5 1s independent of temperature. From this

model the temperature dependence of the half-width is given
by
T y-n
7(T) = v(Ty) {55} (1)

and the temperature dependence of the line shift is

!

S(T) T -n
Av(T) = AV(TO) gzigj [¥6] . (2)

"n expression (2), S(T) is the sign of the 1line shift at
temperature T and is nec:ssary in order to avoid mathematical

discontinuities. The temperature dependerce of the line
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widch and shift 1is contained in the exponents n and n'
respectively.

The temperature dependence of Nj;-broadened halfwidths
has been studied over a temperature range of 200-500°K for
ozone and from 200-1000°K for water vapor. For 03, 126 ro-
vibrational <transitions were studied and both the pure
rotation and vy transitions were included. For water wvapor,

some hundred transitions were studied for pure rotation and

for v, transitions. The transitions were selected for their
importance in atmospheric applications, to consider a wide
range of the rotatiomal quantum number J", and the full
manifold of Ka" for particular J" values. The results yield

average temperature exponeats of ozone and water vapor of n =
0.77 and n =~ 0.68, respectively. The results for both
molecules are compared here.

The temperature dependence of the line shift for N,-
broadening of 05 are also presented. The calculated 1line
shifts are somewhat in question, however, only the trend with

temperature was studied. The values of n presented show
large fluctuations. The many problems observed are discussed

in this work.
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SIMPLIFIED EXPRESSION FOR THE TOTAL INTERNAL PARTITION SUM
AS A FUNCTION OF TEMPERATURE

ROBERT R. GAMACHE, ROBERT HAWKINS, and LAURENCE S. ROTHMAN

The total internal partition sums have been calculated for the
molecules and their isotopic variants on the HITRAN database. The
calculations employed near complete sets of energy levels for all
relevant rotation-vibration states generated from the molecular
constants. All degeneracies were accounted for in the calculations.
The calculations were performed over a temperature range of 75K to
400K. The accuracies of the resulting partition sums will be shown.

For generalized applications, the internal partition sums have been
fitted to the expression

Q(T) = a + b*T + ¢+T? + d-T?,

where a, b, ¢ and d are constants adjusted by means of a least-squares

minimax procedure. The maximum deviation of the fit is on the order
of a few tenths of a percent.

Address of Gamache: The Center fcr Atmospheric Research,

The University of Lowell, Lowell, MA 01854
Address of Hawkins and Rothman: Optics Division, Air Force Geophysics

Laboratory, Hanscom AFB, "A 01731

Time reguired: 10 min.

Session in which paper is recommended for presentation: 5

165




Abstract of Paper Given at 1988 AFGL Annual Review Conference on

Transmission Models

166




New Method for Temperature Corrections to the HITRAN Line Intensities
I

5
Robert R. Gamavhel, Rohert Hawkins®, and Laurence S. Rothman2

l. Center for Atmosphevric Research. University of Lowell,
450 Aiken St. Lowell, MA 01854
2. AFGL/OPI, Hanscom AFB, MA 01731

The  total 1internal partition sums have been calculated for the
molecules and their 1isotopic wvariants on the HITRAN database. The
calculations emploved near complete sets of energy levels for all relevant
rotation-vibration states generated from the molecular constants. all
degeneracies were accounted for in the calculations. The calculations were
performed over a temperature range of 75K to 400K. The accuracies of the
resulting parcition sums will bhe shown. For generalized applications, the
internal partition sums have bheenfit to the a simple four parameter Taylor
series expansion. The maximum deviation of the fit is on the order of a
few tenths of a percent. This scheme will be used on future editions of the
HITRAN database to enable users to simply make temperature corrections to
the line intensities and retain information about isotopes as well.
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Temperature Dependence of N,-Broadened Haifwidths of Ozone

ROBER T R. GAMACHL

Ceonrer o Uoneeprer Kesearon The Unaversatn of LoD 4580 $ikien Stree:

Lonaddo Mavsa msenty 91854

[he wmperature dependence of Ne-broadened hatfwidths of ozonc has been studied osver i
temperature range of 2005000 K Assumang the torm 070 - ~iTo ], 7 the exponent 2 has
heer determured teom QFT-1D caiculations tor 126 ro-vibrabiong! transitions of ozone selected
1o consider o wade range of the rotational guantum number J7 (1 to 3% the tull mamitold of
A tor particular 7 values and transitons imponant to stratosphenc studies The results give an
average temperature exponent of 7 - (077 for nitrogen-broadening The emperature exponents
are transiion dependent but the fluctuation abouat the average value s small (=6 2 The value
of 7 as o function of J7and A7 s ainvestigated. Companson of the present results with expenment
and other theoretcal calculations shaws good agreement. Based on the results an average tem-
perature expoanent tor gir-braadening of # = 0 7618 suggested ¢ 19sd academi Press. In.

1. INTRODUCTION

The use of balloon-borne and ground-hased spectrometers 1o study and monitor
the atmosphere has greatly increased our knowledge of many regions of the atmosphere.
[t well recogmized (/. 2) that in order to reduce the data from these methods an
dceurate knowledge of the broadening coetherents for ro-vibrational transitions is nec-
essan . For atmospheric applications the temperature dependence of the halfwidth
must be understood as well as the halfwidth at a given temperature for all species
under consideration. Here we are concerned with the molecule ozone which has a
ven nch spectrum and 1s known to play an important role in the temperature regulation
of the lower atmosphere. air chemical cveles. and ¢himate and which must be well
determined in order to extract information on trace atmosphenc constituents in the
tar IR (3).

A fair amount of effort has been invested in the determination of accurate haifwidths
for ro-vibrational transitions of ozonc perturbed by atmosphernc gases. .e.. N:. O,
air, 0. Several expenimental measurement efforts have been performed (4-10) vielding
haltwidths for some one 10 two hundred transitions, mostly for Ni.-broadening with
some O--. air-. and self-broadening results as well. Theoretical calculations using the
conventional ATC method (/7) have been performed (12-15). The last two of these
studies (/4. 15). using the most up to date molecular constants. produced results that
were 100 low compared with experiment. Recently the QFT-1D method (/6) was used
to study 127 transitons of ozone broadened by N, O-. and air; companson with
expenment gave agreement 1o 7%. Using this method, halfwidths have been calculated
{7y for Na-broadening of ozone for all the unique rotational transitions of ozone with

3 0022-2852/85 $3.00
Copy=zht & (985 by Academic Press. Inc
Ab nghts of reproduction in any form resenved
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The HITRAN database: 1986 edition

L. S. Rothman, R. R. Gamache, A. Goldman, L. R. Brown, R. A. Toth. H. M. Pickett. R. L. Poynter. J.-M
Flaud, C. Camy-Peyret, A. Barbe. N. Husson, C. P. Rinsland, and M. A. H. Smith

A description and summary of the jatest cdition of the AVGH HITRAN niclecular absarpion parameters
datahase are presented. This new database camtines the imtormation for the <evend principal atmo~pheric
absorbers and twentyvoone addimonal molecular speaes previoush contamed on the AFGL atmospheric
absorption line parameter compilanon and on the trace gos compilation. In addition to apdating the
parameters on earhier editions af the compilation. new parameters have been added to this editnm such as the
selt-broadened haltwidth, the temperature dependence of the air broadened halfwidth, and the transition
probability. The database contams S04 catnes between Uand 17900 e ™ A FORTIRAN prograth is now
turnished 1o allow rapid access to the moiecular transitions and for the creation of custermized atput - A
separate file of miolecular cross sections of eleven heavy molecular =pecies, applicable for quahtative simula-

tion of transmission and cmission in the atmasphere, has aiso been provided

. Introduction

The high-resolution transmission molecular absorp-
tion database (known under the acronym HITRAN) is
a compilation of spectroscopic parameters from which
a wide variety of computer simulation codes are able to
calculate and predict the transmission and emission of
radiation in the atmosphere. This database is a prom-
inent and long running effort established by the Air
Force at the Air Force Geophysics Laboratory (AFGL)
in the late 1960s in response to the requirement of a
detailed knowledge of infrared transmission proper-
ties of the atmosphere. With the advent of sensitive
detectors, rapid computers, and higher resolution
spectrometers, a large database representing the dis-

.. S. Rathman is with U8, Air Force Geophyvsies Laboratory,
Optical Phyvsics Division, Hanscom Air Force Base. Massachusetts
61731 R R Gamache is with Umiversity ot Lowe!l, Center for
Atmospherye Recearch, Loweil, Massachusetts 01854, A Goldman s
with Umiversity of Denver, Phyvsics Department. Denver, Colorado
B 20R, .M. Flaud and C. Camy-Pevret are witt, o & M. Curie
University, Laboratory of Molecular & Atmosphe o TThysacs, 75252
Paris. France: A. Barbe is with Rheims University. Faculty of Sei-
ences. 51062 Rheims, France. N. Husson s with Feole Pos rechni-
aque, Dynamic Meteorology Laboratory 91128 Palaiseau, France, ¢
P. Rinsland and M. A H. Smith are with NASA Langlev Research
Center, Hampton, Virginia 23665, the other authors are with Jet
Propulsion Laboratory, Pasadena, California 91109,
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crete molecular transitions that affect radiative propa-
gation throughout the electromagnetic spectrum be-
came a necessity. A wide range of applications for
HITRAN has evolved including detection of trace and
weakly absorbing features in the atmosphere. atmo-
spheric modeling efforts, laser transmission studies.
remote sensing, lidar, and a reference base for funda-
mental laboratory spectroscopic research. The HI-
TRAN database has been periodicallv updated and
enhanced since it first became generally available.!-*
The most recent edition of the HITRAN database was
made available in late 1986. This latest version now
unites the data on twenty-eight molecular species with
bands covering regions from the millimeter through
visible portion of the spectrum. Originally the data-
base contained for each molecular transition the fol-
lowing basic parameters: (1) resonant frequency; (2)
line intensity; (3) air-broadened halfwidth: and (4)
lower state energy (as well as unique quantum identifi-
cations). Additional parameters have recently been
provided which permit new capabilities for remote
sensing in the atmosphere and cupabilities to deal with
noniocal thermodyriamic equilibrium effects in the up-
peratmosphere. The overall structure of the database
has been expanded to include files of cruss-sectional
data on heavy molecular species such as the chlorofluo-
rocarbons (CFCs) and oxides of nitrogen which are not
vet amenable to line-bv.line representation. This has
added to HITRAN the capability of qualitative detec-
tion of anthropogenic gases in the window regions of
the infrared. Ongoing research efforts will gradually
move some of these data to the main body of the
database. The new file structure of HITRAN isshown
in Fig. 1. New parameters have been added to the

’




JOURNAL OF MO ECE LAR SPECTROSC Gy 12K, 3G0- 369 (YRR

Temperature Dependence of N,-Broadened Halfwidths of Water
Vapor: The Pure Rotation and », Bands

ROBIRIT R. GaMACHE

Cniversaoe o Lowe Comter o inongmers Kewearok 430 diven Streer Lo el Massactiiners 0054
AND

LAURENCE S ROTHMAN

fir Fonce Geopnosos Laboratory Hanscony 0B Masvsaciiseis 0,73

The temperature dependence of N-broadened halfwidihe of H.O has been studied over
temperature range of 2001000 K to vield results applicable 1o atmaosphenc studies as well as hot
sourves Forvsseven rotational transihons imponant o atmosphene studies were considered and
the calculations were done for both the pure rotation and the v bands of water The transitions
span ¢ range of ST from | ta 14 with the mamfold of A7) being sampled  The halfwidths were
calcutated using a cutotl-free theon with Anderson-Tsao-Curnutte interruption functions and
trajectones correst o frst order in tme. Assuming the form (7 = o707, 7). the exponent
n has been determined lor cach trantion The results show strong fluctuations in # with the
rotational quantum pumbers and a tesser dependence on the particuiar vibratonal bund. The
results give aserage temperature exvponents for Ny broadening of A{pure rotabiony = (1.6X4 and
sy = 0676 Bawd on the results. an average value of n = 0.68 15 recommended. and 1t 15
suggested that values caleulated for specinic rotatonaf transitons be used when available.  © roxs

Academic Preso Ing

1. INTRODUCTION

The use of spectroscopy. via balloon-borne or ground-based spectrom::ters. has
greatly increased our knowledge of the constituents and chemistry of the atinosphere.
The successtul retnieval of stratospheric information from remotely sensed data requires
that accurate spectral parameters (c.g.. lineintensities. fine widths. and hine frequencies)
be known /1 In addiuon 1o these parameters, the temperature vanation of the pa-
rameters must be known. from 200 1o 300 K 1o+ atmosphenc studies and in the range
of 1000 K for hot sources. This paper focuses on v .er vapor. Although a minor
constituent of the terrestnal atmosphere. water vapor has a vens rich spectrum and is
of major importance for considering the absorpton of infrared raciation in the at-
mosphere ()0t plays a prominent role in determinming atmospheric transmission 10
solar or laser radimtion and has a profound effect on the heat balance of the lower
atmosphere 3 This species s of primany concern n the charactenzation of hot
sources. Furthermore. in order 1o extract information about trace gas constuituents of
the atmosphere, the principle absorbers must be well charactenzed (4).

For water vapor. g fair amount of etfort has gone 1into determining halfwidths for
a number of rosibravnonal tranauons both expernimentally (3-7¢) and theoretically

(222057 ar K3 A
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